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A BSTRACT

The reduIctionI of' struLctural vibrations InI SllpS -an1d submarinies is a lon Siandineu

concern of- the N%-. aecuide absorbers are very eflcctive devices which can be an~-
plied to this problem. This study evaluates the increase in vibration damping of, a plate

structure across a broad frequencV range usingy lighit w.eigh-lt beam WaVeLIuide absnirbers.

Viscoelastic and constrained laver beamn wavecuide absorbers were studied bodh iore-

tically and experimen tally. Impedances of the wavcguide absorbers at tire attachment

point were predicted using both Bernoulli-Euler arid Timio-henko beam theory lor the

viscoelastic beam and usinLe sixth order beamn theory for the constrained layecr beam. Thle
theoretically predicted impedances were compared with the experimental measurements.

Results fromn random vibration tests of a plate struLcture showed significant increa-ses 11.
damping over a broad Fiequencv range (100 H-z - 21 KHz' when the waveguide absorbers

were attached on the plate.

DTIC

NS PE CTE r

6

IAc-71-,In For

% .



TABLE OF CONTENTS

I. IN T R O D U CT IO N .............................................. I

,. II. THEORETICAL ANALYSIS ..................................... 2

A. LOSS FACTOR CONTRIBUTION OF A WAVEGUIDE ABSORBER ... 2

B. IMPEDANCE OF BEAMN WAVEGUIDE ABSORBERS FROM W.,VE

PROPAGATION THEORY . ..................................... 4

1. VISCOEL,\STIC BEAM USING BERNOULLI-EULER BEAM TIlE-

OR" . ...................................................... 4

Ia. INFINEVISCOELASTICBEAM.......................6

b. FINITE VISCOELASTIC BEAM ........................ 7

2. FINITE VISCOELASTIC BEAM USING TIMOSHENKO BEAM

THEORY . ................................................... S

3. FINITE CONSTRAINED LAYER BEAM .................... II
C. COMPUTER IMPLEMENTATION ............................ 15

I I. EX PE R IM EN T .............................................. 2;

A. IMiPEDANCES OF TIIE TEST PLAIE .......................... 25

B. IMPEDANCES OF THE WAVEGUIDE ABSORBER ............... 28

C. DAM PING OF TIIE PLATE ................................... 3.5

IV. RESULTS AND DISCUSSIONS ................................. 38

A. IMPEDANCES OF THE TEST PLATE .......................... 38

B. IMPEI)ANCES OF TlE WAVEUIDE ABSORBER ............... 45

- C. I)A IPING OF TIE PLATE .................................. 53

V. CO N C LU SIO N S .............................................. 74

0
VI. RECO INIE. \ H ON S ....................................... .

.A P PE N D IX A . ................................................. 7

TIi

4 ,'' iv ' % " . " . " " . " - . " , " - " ' . " - , ' " , . . . " ' ' " " ' ' " " ' , , . - " . - " " . ' ' ' . , " - 0 ',. . " . . " "" , . ,,



1. THlE IMPEDANCE OF THE INFINITE VISCOFI.ASTIC BEAM\
U'SING BERNO0ULLI-EULER BEAM THIEORY . ........... o

2. THE I.MITDANCE OF THlE FIN' .ITE V IS COE LA STI C 13EA.\ 1I, S -
ING BERNOULLI-EULER BEAMI TI-IORY ............. I -

3. T-11E IM-VIP EDA N CE 0 1: T I IE F INI TE VI S COF LAST IC 13 FA.%I U .3-
ING TIMIOSHIENKO BEA\M THEORY ............................. St

% ~4. TILIE IMIPED)ANCE OF THlE FINITlE CON,,STIN-\ED LAYER
BEAM USING THE SIXTH ORDER BEAM THEORY ................. S84

APPENDIX B .................................................. 91

LIST OF REFERENCES .......................................... 109

INITIAL DISTRIBUTION LIST.................................... III

. . . . .



LIST OF TA13LES

Table 1. DIIENSIONS AND PROP)ERTIES OF THI-E WAVUGL-UIDE AI3\SORI-

BER SPECIMENS ......................................... 29)

0.%

-.9

049

41vi



LIST OF FIGURES

Figure 1. Vibrating structure with wavecuide absorber .......................m Figure 2. Coordinates and sin conventions for a semi-infinite (finite) viscoelastic

beam. ... ................................................. 6

Figure 3. Coordinates and sign conventions for a semi-finite constrained layer

beam . ...... .............................................. 12

Figure 4. Reat part of the 16" viscoelastic beam waveguide absorber theoretical

impedaces............................................... 19

Figure 5. Imaginary part of the 16" viscoelastic beam waveguide absorber theore-

tical impedances .

Figure 6. Real part of the 16" viscoelastic beam waveguide absorber theoretical

impedances . ............................................ 21
- Figure 7. Imaginary part of the 16"" viscoelastic beam waveguide absorber theore-

tical im pedances ........ ..................... .... .
Figure 8. Real part of the 20" constrained layer beam waveguide absorber theore-

tical impedances. ".

Figure 9. Imaginary part of the 20" constrained layer beam waveguide absorber

theoretical im pedances .. .................................... 24
Figure 10. Arrangement for test plate impedance measurement .............. 26

Figure 1i. Test plate impedance measurement configuration .................. 27

Figure 12. Loss factor vs. frequency for a LD-400 and a ISD-l 12 ............. 3

Figure 13. Shear modulus vs. frequency for a ID--4()o and a ISD-112 ........... 31

Figure 14. W aveguide absorbers ........................................ 32
1:igure 15. Arrangement for wavesuide absorber impedance measurement ........ 33

Figure 16. Wilcoxon F4 F7 shaker with waveguide absorber mounted ............ 34
Figure 17. Arrangement for test plate damping measurement ................. .6
Figure IS. Damping measurement configuration ............................ 37

Figure 19. Inipedance magnitude of test plate at location I ................... 39

* Figure 20. 1 mpcdance phase of test pla te at location I ....................... -()

I igure 21. Impedance mamitude of test plate at location 2 ................... 41

Figure 22. Impedance phase of test plate at location 2 ....................... 42

Figure 23. Impedance magnitude of test plate at location 3.................. 43

"0 Vi%

0'"-"",-''' -- .. ' .. ' '.'. . "-'."-. , . ."- - - -;'',,,, i', ,.,, /,F, ... .2,L..' ", i S - _' ' %



-Fiure 2-4. Impedance phase of test plate at location .. 44
F1igre 25. Real part of the 16" viscoelastic beani waveCuide absorber impedances

at the center of the b e a m ................................... 4-

Figure 26. lmainarv' part of the 1o" viscoelastic beam waveLyUide absorber iiape-

dances at the center of beam . ................................ .48

Figure 27. Real part of the 16" constrained laver beam waveguide absorber impe-

dances at the center of the beam . ............................. .. 4

% b? IFiulre 28. Imaginary part of the 16" constrained layer beam waveguide absorber

impedances at the center of beam . ............................ 0

Figure 29. Real part of the 20" constrained layer beam waveCuide absorber impe-

dances it the center of the beam . ............................... i

Figure 30. Imaginary part of the 20' constrained laver beam waveguide absorber

impedances at the center of beam . ............................ ;2

Figure 31. The driving point frequency response of the test plate without a wave-

guide absorber . .......................................... . 56

Figure 32. Modal damping factors vs. frequency of the test plate without a wave-

. ide absorber . .......................................... 57

Figure 33. The driving point frequency response of the test plate with a 20" viscoe-

lastic beam waveguide absorber (dashed) at location ................ 5S

Figure 34. Modal damping factors vs. frequency of the test plate with a 20" viscoe-

F25" re lastic beam waveiuide absorber at location I and ................. 59
I35. The driving point fequency response of the test plate with a 20" viscoe-

lastic beam waveguide absorber (dashed) at ..................... 60

SFigure 36. Modal damping factors vs. frequency of the test plate with a 20" viscoe-

lastic beani waveguide absorber at location 2 and ................. . 61

Figure 37. The driving point frequency response of' test test plate with a 2 0" vis-

. coelastic beam waveguide absorber (dashed) at ................... . 62

*"- . Figure 3. Modal damping factors vs. fr'equencv of the test plate with a 20"' viscoe-

* - lastic beam waveguide absorber at location 3 and ................. .63

; .~, Figure 39. The driving point frequency response of the test plate with a 16" con-

strained layer beam waveguide absorber (dashed) at ............... .. 4

% "" lieure 4(0. Iodal damping factors vs. frcquency of the test plate with a 16' con-

strained layer beam waveguide absorber at location I .............. .

Figure 41 . Ihe test plate with three waveCuide absorbers .................... .66

0-



Ficure -42. The drivinc: point frequency' response of' the test plate with a 9vic

Fistic iat location 1 ) and 16' constrained layver ...................

Fiue43. MIodal daimig Factors vs. frequency of the test plate with a 2'' (. ",iIICOI-

lastic tlocation I Iand a 16" constrained la%.er . ................... o

Ficzure 44. The driving point 1requency response of the test plate with a 2' viscoe-

lastic (at location I1). a 16" constrained laver (at. .. .. .. .. .. .. .. .. .. 60

Fiume 45. Modal damping factors vs. f'requency of the test plate with a 2')- viscoe-

lastic ilocation I). a 16" constrained layer. .. .. .. .. .. .. .. .. .. .. ... 0

Fic!ure 46. M agnitude impedances of' the test plate at location I (solid) and of' the

20" viscoelastic beam at the drix ng point. .. .. .. .. .. .. .. .. .. .. ..

FiguLre -47. Magnitude impedances of the test plate at location 2 (solid) and of the

16-constrained layer beam at the driving point .. .. .. .. .. .. .. .. .. ..

Fizur 16 4.Myntude impedanices of the test plate at location 3 (solid) and of- the
%1"viscoelastic beam at the driving point '73 ........

Figure 49. Real part of' the 20" viscoelastic beam wavecuide absorber impedances

at the center of the beam. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... 9 1

Figtire 50. 1iaginary part of' the 20' viscoelastic beam waveguide absorber ip-

dances at the center of the beam .. .. .. .. .. .. .. .. .. .. .. .. .. .. ... 92

Fizure -51. Thle driving point C-cquencv response of' the test plate with a 16" viscoe-

latcba -aveguide absorber (dashed) at location. .. .. .. .. .. .. ... 93

Fic2ure 52. Modal damping lI'ctors vs. f'requcyIC of' the test plate with a 1(6" viscoe-

*lastic beam waveguide absorber at location 1 and .. .. .. .. .. .. .. .... 94;

Ficu1re _53. The driving point f'requency response of' the test plate with a 290" con-

strained laver beam wavecuide absorber (dashed) at .. .. .. .. .. .. .... 95
Fic2ure 54. Modal dmping fhactors v-s. frequency of' the test plate with a 20" con-

dstrained laver beam waveeuide absorber at location I and. .. .. .. .. .. 96

FiEure 55. The driving point f'requenc ' response of the test plate with a 16' viscoe-

lastic beam waveLcuLide absorber (dashied) at location. .. .. .. .. .. .. ... 97

Flue56. MIodal damping F'actors vs.fiequenc- of the tes lt ihaIo

lastic beam wxaveuide absorber at location 2 and. .. .. .. .. .. .. . . . .

0FiLcure 57. The driving point 1'rclluencv responseC of' tile test plate with a 16' con-

strained lay-er 1-eam wav eguide absourber (dashied) at. .. .. .. .. .. . . . .. k

[ic'ure 58. NI odal damping faictors vs. Frequency of' the test plate with a 10" conl-

strained layer beam \vavezuide absorber ait location 2 and .. .. .. . . ...

ix

diI0r .r.



I icUre 59. lhe driving point Irequency response of' the test plate with a 20 co-

strained laer beam waveguide absorler dashed) at ....

I-i-ure Nl. Mod.l dampine factors vs. lfequencv oft,: tet plate xitt a 2'.cu-

strained laxer beam wavecuide aborber at location 2 and . 1 2
Figure 0I. I-he driving point frequency r _sponse of the test plate with a %is-

coelastic beam waveguide absorber (dashed) at location .

Figure (,2. N I odal damping factors vs. 1requency of the test plate with a " Vis-

coela~qic beam waveguidc absorber at location I and ............. .. 104

Figure . lhe driving point fiequency response of the test plate with alo ccI -

strained laver beam waeguide absorber (daShed at ..............

Figure 04. MIodal damping 1Ihctors vs. trequenc: of the test plate with a I n-

strained laxer beam waveguide absorber at location 3 and .......... Ito

-F.ur, 65. The driving point fleqUCncy response of the test plate with a 2u- con-

strained layer beam waveguide absorber (dashed) at .............. ... I

Figure (0. NMlodal damping factors vs. frequency of the test plate with a 2W" coin-

strained laver beam waveguide absorber at location 3 and ......... .loS

4:-:

0

N %"

S

,%,

0



1. INTrRODUCTION

S LIpreSsIl2 noise and vibrations of' ships arid submarines 1, %cry lmio;,'! ant OF

\z-% an ha~s beenl onle of tile \"av-vs Ion)2-stalldinz concerns. NI Lich 'NYor has ISo Inc

onl the developnienit of'% ibration control mecans such as isolaIon1, detuineIL. cearc

damping anid dxnatnic absorption. All of- these approaches have Kecn stuameu rm!icr

tlioOU~hI% inludig teirrane of' applicability anid definite limitsolter%!iic

an,! noise reduction capability within acceptable weight and volume icess

Recently, a waveguide absorber concept has been developed [Rel' 11. which c:an

provide simple and highly eff'ective vibration control over a wide frequency ranee. A

'Waecid' is a structure along which vibrational waves can travel. 1If one enld (,f ;t

wavezcuide is attached to a vibrating structure. some vibration energy will travel along

the wav eguide in wave forms. It' thle wave-uide is treated with a Ich. enei~ dissmnat'c

sCheme. the damping of* the wavecuide causes the amplitude of* the wvst era~

* as thle%- travel and the waveguid e may be expected to remove vibrational energy from i

* structure.
In~ ~~~) Urvossude yngar anid Kurzweil [Ref. 21 and by tiga an lams ['Ref'

21. sei-infinite beamrs arid exponentially tapered semii-infinite beam waveetmide ah~for-

hers were studied. Hlowever, theoretical prediction of' the driving point impedan,_es

showed wide discrepancy from the experimental results since thle experimet eepr

for-med with. finite length. beams and the effects of' viscoelastic materials onl beams w ere

not considre in theoretical calctilations.
In tis nvetigtio, to kinds of' highl damping beam waveguide absorber are

subjected to studvy %iscoelastic beamn and constrained layer beam wave2KCuieasres

*Ihe driving point impedancs are theoretically pdIctdfrtefnt eehbaso

ilvil viscoelastic behavior. Experimental studies aire also performied on the iiopjcdanlcc,

-of' these wavegniide specimens and on their contribution to dat"pino11 1icase OF a tCt

plate Structure.

%



. | I. TIEORETICAL ANALYSIS

A. LOSS FACTOR CONTRIBUTION OF A WAVEGUIDE ABSORBER
C"

Consider a linear structure. S. under a harmonic load

F =fo Sifn , 1).

at location c ([Uigure I oil page 3). The structure S will vibrate with the encr2,v o1

bration

0 IiL (2.2)

where .1 represents the total mass of the structure and V. is the magnitude of a'. cra.e

velocity. The energy dissipated in S per cycle. D, depends on the original loss factor. .

of the structure and the following relation holds:

t 1 )0Do (23
27 0

-.- For a lightly damped structure. q, is much smaller than I and D, is much smaller than

....,,. If a point a of a second body B. a waveguide absorber, is attached to body S
at location b of body S internal force, F, will interact between body S and bod; B and

some vibration energy, D will be dissipated in body B (Figure 1 on page 3). Moreover.
this internal force inlluer,,e the vibrational motion of body S and may reduce the en-

ergy of vibration. If. of body S under the same harmonic load at the same location C

J i he interaction between bodies S and B depends on the impedances of bodies S and

-. B at the attachment point. Z. and Z,. Impedance is the rato of the harmonic force. F.

acting on a point a of the structure to the velocity, I, ofthe point.

Z F(2.4)

., and can he dcscribd bv a complex number.

.Z R+.

0....Z - R+il 25

,::.::'.q .'



".f sin Ca I

C.• ,

b

Figure 1. Vibrating structure with isaveguide absorber.

where R is the real part of Z and resistance component, or simply resistance, and X is

the imaginary part of Z and reactive component. or reactance.

-" The energy loss per cycle, D, of a structure by an attached waveguide absorber is,

as shown by the previous study [Ref. 2. and Ref 3],

D (2.6)
:I I

S-

where w denotes the vibration frequency in radian sec. V, represents the velocity of the

structure at the attachment point of the structure before the attachment of the wave-

guide absorbers, Z, and Z, denote the impedance of the waveguide absorber and the

structure at the attachment point, and R, represents the real part of the impedance Z,.

From the equations 2.2, 2.3 and 2.6. the energy loss factor. ;1, due to the

contribution of an attached waveguide absorber can be expressed as follows:

,, 3

%, 3
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;.,,Equation (2.6) shows that the vibration energyv loss of'a -trLCUICe t.,roii,,h thie ,%,, -

,-,-eguilde absorber depend-, on the magnitude of- the velocity, 1'. at the JttiaLh:ct r,,,mt

"-'& on the structure. If this attachment point is a node tbor which 1' . tl h 0i c, . k, ,,
f~Cactor, il. equals zero. If' the attachment point is an antinode, then t:, ' c L e co ,

lively large. Equation (2.7) indicates that tihe loss factor contributionI i 1,i! il d l~ Th im1-

pedance of' the beam. Z , is considerably greater than the Impedance of' zzi:, ,*Lruct(IC.

•Z l , If Z, Is much smaller than 7, then the struIcture wvill not be affected by tlhe absorher

Sand the vibration energy ofthe structure, W,% in equation (2.2). "-ill not he rduIcd 11uLCh.
' lheretbore, impedance matching between the structure and the waveguide absorber 1i,

.,{important to get the highest energy, loss factor. ;1. So, analytic methods wvhicll can predict
£"'the impedance of beams using the theory of elastic wave propagation in beams are de-

,r_4,  ,veloped in the next section.

%<B. IMPEDANCE OF BEAMl WAVEGUIDE ABSORBERS FROMN WAVE
.PROPAGATION THEORY

i I. VISCOELASTIC BEAM USING BERNOULLI-EULER BEAM THEORY

.. r .:Previous research [Ref'. 3] considers the impedances of the infinite viscoelastic
%. beam using Bernoulli-Euler beam theory. InI this section, this previous work is expanded

,.._ to include the finite viscoelastic beam. -The viscoelastic beam will be excited harnionically
--]l..,,at its center by a transverse force. F as shown in Figure 2 on page 6. For a beanm wh1ich

"-, " " is free of lateral loadinR and under an assumption that cross-sectional areas remain plane

,,'97and normal to the neutral axis, the equation of motion becamies [{Ref. 21.

___2

..... ;" •E"1- " + p,4A (2-S)

.',,R..P _______

.:'. where .-(x.t) is the transverse displacement. and E is the complex moduli of th bea I1:

• E" x E( I + iv, 2-1))

and.

EquaiEo modulus of tlasticit of the beam
b b e nA Ai

*t.

ontesrcue--5hsatcmntpiti, oe o hc *thmt~cc '

.:.:.I,
,, fatr i qal eo fte tahetpit sa nioe.te'.1i

tievlre quto .)idiae htte osfco onrbto ',ui i m

" '" .",edane of . . - . a a the ba.." 4 ,d-'. is-J'* cosdral ratrta the imped '5."k'vd ''"% ance of :i.icJ'" .stuci.- " .. • .



€ ,, : loss factor of the viscoelastic material
m : mass per unit length of the beam
p : density of the beam material

.: cross sectional area of the beam

I moment of inertia of the cross sectional area

TFhe general form of'(x.r) for a propagating harmonic wave in this Bernoulli-

Euler beam is

,= #y(x.t) - I ;)/1 X'(,) ( 2. 1(_)

where k, is the complex wave number, and w is the frequency of the propagating wave.

Inserting the wave equation (2.10) into the equation of motion (equation 2.S). the dis-

persion relation is obtained as follow:

E"l(k x); a 1. t1) (2.1I1)

T This equation gives the four different complex wave numbers as function of frequencies,

k ' 1 + I + S( tan- r/ve i sin( tan- 1 7ve (2.12.a)

.- k -ik(\' I + [co )[os( t 'e) - sin( ) (2.12.b)2v- 4 4

tan1 lve tan-I q,.ek2 = k(\ I + [cos( ) sin( - 4 (2.12.x)
:,.,kx k(\, I + ;12', [cos( tal4 1, i sin( tn41 )li (2.12.(1)

* where subscript re is an abbreviation of Viscoelastic beam using Bernouli-Euler beam

theory and k is the wave numiber, given by

.1 0) 111 w __ (p.%- E L El = rc (2.13)

r dcnotes the radius of gyration of the cross sectional area. ( ) and c, denotes the

lonm2itudinal wavespeed in the beam material (\ ' )' Therefore. the equation (2.1() is

expanded using wave number k,, k;, k; and k..

-7 %, %. -r

.I ,
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4X

% % . Figure 2. Coordinates and sign conventions for a semi-infinite (finite) viscoelastic
.beam.

Y(Xt ) I q- }"efk"1 +J[ 1 2ell2"' -+ y'el (]'3X Yae'r r)e I' 1 (2.14)

where Y~, Y,, Y3 and 1, are constants whose values depend on the boundary conditions

"-.-'1and x is the axial coordinate. The complex transverse force, F, is denoted by

,SF(x) = E" 3  G2.

-a. INFINITE VISCOELAS TIC BEi1

;.,..Let's consider tie infinite viscoelastic beam. If j() is to remain tinite for a

.%,/

-','-"large x. then Y, must vanish. If there is no wave conmingz toward the origin from the po-

0

A.'" igre 2. drCodn a te" stvn. and sinonenin fo emaioinf1ite fiterinedfromi

" xb) =(Yiikl + -(e.0x =y eI3X(2.14)

wen
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'At the driving point. the input transverse force./[1W can be ca.ulatcd uI'ine

the equation l .l11 which can be expressed using impedance and velocit, at x = ,

fellows:

F(0) = Zt I t)) + Z i10) 1 2. "

The complex transverse velocity, ' and the complex angular velocity, Q.. are rclated to

the corresponding displacement. v and 0 of equations (2. 10 and 2.1". as follows:

y -=- = -ic') (2

Z, represents the impedances of the transverse fbrce at the driving point of' the center

of the infinite viscoelastic beam. If there is no rotation at the center of the beam. that

is L2(()) = 0. the equation (2. 18) becomes

F.-(O)) Z, 1 '(O) 2. 2

Therefore. the impedance of an infinite Bernoulli-Euler beam at the dr ing point. Z..,,.

can be calculated from

= ' )0) 1(2.21)
Zi,(,).2) - 2) 1'

where subscript ive is an abbreviation of the Inlinite Viscoelastic beam usin, Beinoul-

li-Luler beam theory.

b. FINITE VISCOELASTIC BEAIM

For a finite beam. four constants 1,. 1-. Y, and Y,. are determined ioino four

boundary conditions at x = 0 and x = 1. as follows:

v(0) = v (2.22)

0 (2.23)

-ExI 2 (-4

7

A. -1 A7- .'A

'U * .%,,.- .~ ~U - * U ~U . -

".y.. . , . . . . . - . . - , - , . - . - . % " . % U - ,, "b % * U% % - - %"

* %""" - " "" U* "" < U ""~ .. A " A "" .% """* " " % * "" %* "% % "% • "% " "" "%% % " % % % % " %



*:,, dx ii...
E'l 2 2

From the same considerations as those in the prcvious sccu., he 1np'e-

danceZA.,

4\R ) r,.,.,_ _, I (2.201

is determined as function of liequencies. where the subscript five is the abbreviation of

the Finite Viscoelastic beam using Bernoulli-Euler beam theory.

2. FINITE VISCOELASTIC BEAM USING TIMOSHENKO BEAM THEORY

..he Bernoulli-Euler beam theory was obtained using two assumptions which

neglect shear deformation and rotational inertia. The Bernoulli-Euler beam theory may

'I be useful for low frequencies and long wavelengths. However, the Timoshcnko beam

theory gives more accurate simulation at wider frequency ranges and wave lcngths.
TF[herefore we will analyze the impedances of the finite viscoelastic beani using Timnosh-

enko beam theory in this section. Two independent variables, the transverse displace-

ment. Y(x.). and angular displacement. Otx.t, are defined in Tinoshenko beam theory.

Beam motions are governed by the following equations [Ref -1.

,, x (2.27)
2 , I I2

2 C (1) 1 1
x , " fCx t

5,4.

KG .where a' - - =a and k,' y Thei complex nioduli G, and E, are defined as:

'"0

G ,_ I + i ) (2.29)

E' = LiI + ii.) (2.!o1

-here subscript vt is an abbreviation of Viscoelastic bean using -Tinmshenko be.am the-

or%, a; l

G : Shear md.ulus of the bean

E ela, tic modulus of the beam

r. loss factor of the viscoelastic material

0

e *F.

?:- .



. cross sectional area of the beam

I moment of the inertia of the cross sectional area

densitv of the beam material

; shear def'ormation factor

lThe general Corms yx.t) and ((x.t) for the propagating har'nunic %' Q in a Ii-

moshenko beam are

l (x .) 2oe 31

" 
OI~~~~v~~t = (lPe(;" -<, 

." )

where k" is the complex wave number, and (o is the frequency of the prop agting wave.

Inserting the wave equations (2.31 and 2.32) into the governing beam equations (2.27

and 2.2S) becomes

2 x 2 2 x2

(Co + a(k Y + (ia -k )a)k= 0 (2. 35

-"(i 
C kok I + ( wo a ko  (I (k z

-".•The dispersion relation of waves is obtained from equations (2.33 and 2.34)

with the relationship between Y, and ().

f)tt) - KGx(kx)2
S(I), = ) = (2.36)A0

ii G ×k

where

M) KU (kr
R k (2.3 )

% The equation (2.35) gives the fotr diflferent wave numbers as Function ot wvet rleq Lc-

4 cieWi 4. 1
ai" ~f + a 2.,.) ± ,, a -4 (h+l,' - ,+ aZU+<, - (2.3,, S a

N 2aI.'

r=9



.0-a:

5 .---- ------- --... . / . (2 .3S.d,)

2a (1

xI . .. . 1 " t " -
%. /S:a l , - - - ',' ,f : , - /, , ). , , f)

k2 = - ~2,7, t (7.3S,

I hclclre. the equatIons (2.31 arid 2.32)are expanded using k,. k:. k and l

Ytxv.tI= ( : + }'e: 1" + I ee )e +2.39e
.1*, I : (1* X + 15X -it

,.. ) (( Ie + ([),e . -
4 - (1)3e x + D.: )e (2.40)

h eiuation (2.4)) becomes tile fbllowing equation

(1)(.,) = R ie~iX - R, Ylel'2a + Rj 1e'-" + Rj"4 eik4 (2.41)

where

R G k (2.42)

fo(-r t,=1. 2. 3. A

For a finite viscoclastic beam with a length 1. which is flee at x = I and excited

at x = o, our boundary conditions are defined as:

Y(O) =y (2.43)

b(o) --- (2.44)

G ( 1.

* '() = E'I)~ -Q)= (2.45)

F-rom those boundary conditions, the constants Y', Y 2 . Y, and 1'. are deternined

as functions of . and ,. At the driving point, x= 0. input transverse force,

If)

. .. ..... .... ...... .. -. %...... .
--... *..'-............



I()=- S( I Ica be CaICullated LI] 11 eC ,Iuat 1911n 2.40 . \VhiI ci call be e\ reSWd ucin -,
in'ipedariccs and velocity at the drix in pon 0i oloa

where thle complex transverse velocitY. V . and the complex angular velocity. ki), are re-

lated to thle corresponding displacement as follows:

it' there is no angtular displacement. (h, at the center of' the 1,eam,. that is. (t)() the

equation 12,47) b-ecomes

F(0) = Z,1 [()(2.49)

Theref'ore, thle impedance of the Timioshenko beami at the driving, point, Z.,, canl be cal-

ctlated using the following, equation.

-1W

-where subscript]i-t is an abbreviation of'the Finite Viscoelastic beamn using Timno'4ienko

beani theory.

3. FINITE CONSTRAINED LAYER BEAMT

In this section. impedances of the constrained layer beam,. which has viscoela suic

11a.terial between the two elastic lavers, are studied. The theorv of' a damped sandwvich

b eam xas developed by R..\. Ditaranto [Ref: 51. who emtended Kerwirn's [Ref' 6 1 lmv-

ical Similar alys.D.J. Mlead and S. Markus [Ref: 71 expanded thle concept hy con-

silderina these earlier works. The result of their efforts is a sixth order kdiffkrentiil

equation of' motion which is expressed in terms of' the transverse displacement. Y. ind

longitudinal dPkplacement. u. for the constrained layer beai. The censtrained laser

h eamn will he excited hiarmionically at its center bv. a shecar force . L.is dhown InI

I lure onl p-a e 12. 'Fhis equtation of' motion leads to the impledanctes of'tihe sandwich1

I)C IrS with Six, !'f)ndrv conditions, which are used for evaluating ipedances pedn

On 1'reqcyJIII%. visLCIclasti material properity. and two elastic material properties.j

From tile jlRef. 71, the eoverning~ sixth order difi erential eqtiation is

11 :1
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0

Figure 3. Coordinates and sign conventions for a semi-finite constrained laver beam.

- B6(l Z - D) (2.51)

cxl C. " cx

where

2
C "p= -n --  (2.52)

with the relationship between v(.I17) and u(.t.) expressed as:

BZDj Jv
" "- B g, - E3 3 " CC (2.53)

The parameters in this equation are defined as follows:

B- -(--7 + . 1.-. a)

12

T.S_3
+ T-7

"b .. , . % %-", ' %' %- % ,% " " % % % _, . .% " 
" "

t. .i . .2
%"
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C- E, It + 173 1,3
[ L1111 - EL! 3

i ~ ~D = !I + EdI 1.5,

C, It + V ([ + I[ij(.,4a

I 2

3

I =---- 2.54.i)13 12

G = G(1 + i) 2.55

,where subscript c is an abbreviation of constrained layer beam. and

G : shear modulus of the viscoelastic laver

E elastic modulus of the elastic layer

1 loss fhctor of the viscoelastic layer

I : moment of the inertia of the cross sectional area

H thickness of the constrained layer beam

m : ass per unit length of the whole three laver section.

The general form of transverse displacement. y'(x.i). and longitudinal displace-

ment. uxt), for the propagating harmonic waves in a constrained laver beam are

t= }i(k ' x-w2 (2.56)

l(x .r) = ,-,,) I 2.5

where k, is a complex wave number and w) is the frequency of the propagating wave.
After inserting the wave equations (2.56 and 2.57) into the sixth order beam equation

S;2.51 the dipersion relation is obtaind as follows:

(ii-: + B,( I - Z)1 - (Ik -L -(. )DdDj

13
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Ihere are six ditierent roots with six ditllerent conplx wave nuiinber i i tie ,o e

Iequation. which means a xve of ;ix dilierent modes propaugtte thrtieli tle 1.i m]trtn

la er ['ai . 1-r n the CrjC 1atios 11 1 ....... O.il ,e l y2v , i1 , c . it:. .

.4R,. V,

where

", EILC -- ,

]ihe general form of the transverse displacement equatiun 2.5o ). and :oni-

tudinal displacement equation (2.5-). it , are obtained utitg tie ix compiCx wa, e ', -

bers and a ratio R,. The equations 12. 5 .. .57 aid 2.59) as lollow:

0 ud.zi = (-R1  ,-4-~ki + ./? x 4- .4. " + RA }e

'vhere

.-... BL, 7* - -D,ik'
R.7 (2.o3,.'.. (An, " Be) E-3 113 Cc

n = 1. 2. 3. 4. 5. 6 For a constrained laver beam with a linite length I which is Fre
.X at x =i and excited at one end at x = o. the six boumdarv conditions are dclincd as F

lws [Ret. 71:

1,101 = . 2.e,)

= 0 
2o

."0 .' t l l ) ) = . .

0' l)3 ,Z 1,11 -- I]" l[-,: , -? ~ ~~S( [ ) = j I .)B -7  -[ B Z -- + ( ') )2 ( -

14
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-1lie Six constants Y I I . and 61I are detcrniined fi-o , hc .c I\ t),, in-

dJar; conitiaIId At[IId II )1cons and arc a1 funcItionj OCY 0 an1Ltrt drvn 1-nt .c I W. 1: at

transversc f orce. Fo)() Sm - momntI. .110. ;Ind norma11fa1 CeC. .\Oh. Can1 bC La 1 Lu Li eJ

uIsing etjaat ions ( 2.07, 2.6S and 2.61) ). T1hese linput. far',ce andI ma itell C.can Ile c '.Pr e'-ei

us Ii g neipedances and VCloc'.tIeS and ang~ular ye) acity at the d rlih_ fiiapit k c,~

F) .Z, I ) Zi2(U) ZLt0.0t 20!

*Where the complex transverse velocity. '. and the complex ain-ular velociw-.
-~~~ £2. and the complex longitudinal velocity. U. are rehLted to thiecorauil .pa-

ment as Iboliows:

7 2. 1

If' there is no rotational displacement. 0. and no 1lituldinal disp',lcmen',t. U. at 11he

center of the beam. Z, represents the impedances of' the transverse -,Ie t the drivme1

* pintof th costaie laver beam. That is. £21 ) 11 and Um) . Therefore. the

eqLuationI ( 2.7( becomles

Fheretbre, the imeacsof' the constrained va\ beam at the driviag point. Z'_ Can

beI calculated L11ing thle following2 equLation.

4 U= 1 27

WVhere subscript c is on abbreviation of the constrained lax er beam.

*C. COMPUTER IMPLEMENTATION
h e campil uer prograi1,1s using Redu.c and I () IVR. \N lin euacs aire wad 1 r ::ii-

cola tion OF the theoretical 1IupdanCcs f'roml the beamII theoies In this pa pe'r. edJuLc \va s

developed by Anthony C. I learn [ Ref'. anid is a prograimmmci languace,, which salves



lgricoperationis non1- nii eicallk I t can mnpuilate polynfotm in a % * Li it-,e ,)Iill',

* 1 .1-Sutitution, differentiation anid intration) and solhes onie or mor ~e ,n imiltm colj 1ia1-

* cebric e ati ons-. Alter tile imp1edances .\ere C YlI imted byv a R,-du c por ca n .

conlstant Varia Ides. a1 IN)RV RA\N program ca icoIa tcd tilie i ;pedaii c~ it rc Iii

ions and properties of the viceatcand constrainici la\cr %~ilwVadc aoorbcr

rthle 1 )U NUC-IzN irqtenva2e. Allt constant Variabls of' tile Redu,-e rog-ram1 were

defined inl eachi FORTRAN-k, program. We tried to us;e the !;amie notations flr tile Reduce

program. the 1-0RTR-AN program and the text i A\ppendix A.

Three Reduce programs arid a IFORTFRA\N proeraii were ulscd to stlldy! eCh'l thc:orv.
I-flie first Reduce program defined thre ruonient. for-c anld disl~)ac~eents Wichk inlllUded

the constants 1'.. where n equals 1 anid 3 for an ifinite viscoela-stic hcaiin: a ey iis 1. 2.

Sand 4 for a finite viscoelastic beam and 11 1-,uals 1, 2. 3. 4. 5.and 0 for a constr~ind

laver beam. Y. can be solved with boundarv conditions. After running the first RedIUc
program. new constant terms are defined for Y, Thle second Reduce prO ,,rmAI Iiciude

-~ *hose new cons;tant variables which w~ere the results of' the first Reduce prog:ram. The

second Reduce programn gives the constant variables 1'.. Finally, thle third Reduce plCo-

Rram can evaluate the impedance of' the beam with longitudinal anid angular dkisfaC-
ment (and normal displacement for the constrained layer beam). Thie process of' the
constrained laver beam is similar uip to thle second Reduce program. [lowe'. r. the

computer finds it hard to hiandle 6 simul.1taneous equLation1s with 6 non-1.numrical vatil-

abtes. 1'.. Therefore. we solved Y., Y. anid Y in the second Reduce program anid then

Substitute these values to Y, 1'. anid Y3 in the third Reducc program.

Wave numbers as functions of firequencies. i.e. dispersion relation, of'%waves in ay

egui.1de absorbers were described in preiu scionISC61s. It was easy to find the wa\ e nuni-

ber of a viscoelastic beamn through Bernoulhi-FEuler beam theory and Tirnoshcnko beamtn

thery n euaIos(.1 and 2.38). H owever. wave nlumlbers of- the constra'ined laver

h eam were expressed with a complex six order polynomial. I hieref ore, theLy were caldcu-

lated uieNewton's methiod. The Cequ-ation1 (2.58) isrearranged uine iea/ cons~tants

.. arnd /1, and ima-inaare constants band dI.[ (r+ ib1 ))K) + (Up, + ihi') (2.74)

16
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1',. = Ref1P,? + I;,Z' 2.5.i,

Ili = Imlc? l 4- B3,Z) 12.-5.:

_1111!)2 
(_, .;.-')

z= Re( ) 7

".

d h = n( -I)

Let the compiex variable K = t + iq (t and q are real numbers). [he equation (2.7-4)

becomes two equations coupled with two variables (t and q).

3t~q) = + + ( -3q 2 
- 2biq + C,) + ( -b,72 + t) (2.-6 )

3 2 + 22
g(t.q) = q + blq2 + ( 3 2  _ 2brt - ci)q + ( -bit - ai') (2.77)

Starting from initial guesses (ta, q,,) which are near the roots iteration was continued until

either the successive t and q values converged to the certain values or the value of the

function is sufficientlv near zero. After a few iterations of equations (2.76 and 2.77)

usin- a FORTR,\N program (Appendix A). we can get three different square of wave

number values. K'. were obtained. So, finally. this method calculates six diflrent wave

numbers, k:. fron -__ K .where n equals 1. 2. 3. 4. 5. and 6.

Impedances of a 20" viscoelastic beam were calculated using these computer pro-

grams for viscoelastic beam properties of 20).009 psi constant shear modulus and 0.2

energy loss factor. The results of these simulations are shown in Figure 4 on page 19

and Fi-gure 5 on page 20 which reflect sharp resonance frequencies. These sharp reso-

nance phenomena reduced for the same beam with higher energy loss factor of' 0.5. For

.4. cases using the Bernoulli-Euler beam theory. the imtpedances of the f1tiite viscoelastic

beam approached to the inlinite viscoelastic beam waveguide absorber with increasin,,

ener,,v loss factor and with increasing f'equencV. The impedance using Tirnoshenko
ea ni t heory diltcrs fremn the impedance f'n ithe Bernoulli-luler beam theory

(i igure 6 on page 21 and Figure 7 on page 22). because Timoshenko beam theory

considers shear deformation and rotary inertia effect of the viscoelastic beam.

4- 17
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Impedances of a 2' " constrained laver beam with viscoela,;tic Liver properties of 2((1 psi

constant shear mtlodulus and 0.5 and P.) energy loss tktctors were calculated. UFieoure S

on page 23 and Ficure 9 on page 24 compare the impedances vs. liCqUCIIV dcpctidiI

on the energy loss Factor of' the constrained layer beam. The impedance of r1he high

damping constrained laver beam shows the smooth and shilcd resonance2 frcqueiicies

compared with the low damping constrained layer beam.

a
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IIt. EXPERIMENT

A. INIPEDANCES OFTHETESTPLAIE

A rectangtilar aluminum plate with clamped boundary coidition was ,clected as tie

test structure, because it has enough closely space modes in the Freq1uencv rinue

l)[ lIz-IKz ). An aluminum block (30" x 22 x 2') was carved inside to nwke a 2-4" : 16"

x12).' 1" ' plate with clamp boundary condition.

Thu impedances of the test plate were mCasured from impact ha n1Cr test . The

aluminum plate was excited by a PCB 016B03 impact hammer. Input impact lorce was

i.iieasured by a force transducer at the tip of the impact hammer. Responses were incas-

ured by an Endevco 225u.-10 piezoelectric accelerometer which was attached under the
,.-'ur.

' impact point for locations I. 2 and 3 (Figlure 10 on page 26 and -igure I I on page

2__. Location I is the center of the plate. Location 2 is the symnmetric point oflocation

-1. where a shaker will be attached during the damping measurement tests. Location 3 is
Ia general point which is not on anv line of'svnmetrv. A haseband measurement for each

" location was taken from 0 to 2QOf Iz. An average of 15 data samples was taken Ior each

measurement and analyzed using a 11I1-3562A dynamic signal analyzer. Impedance of

the aluminum plate at each location was determined after a predetermined data

processing procedure using the HP-3562A dynamic signal analyzer.

--9
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" HP-3562 DYNAMIC

°"" SIGNAL ANALYZER

5%

PCB MODEL 480DO6 ENDEVCO SIGNAL

POWER UNIT CONDITIONER

, FORCE PCB 086B03 PLOTTER
STRANSDUCER IMPACT HAMMER

I'-.

" INPUT OUTPUT

FORCE ACCELERATION

'.t' Figure 10. Arrangement f'or test plate impedance measurement.
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B. IMPEDANC.ES OF THE WAVEGUIDE ABSORBER

lw( % iCoelalstic em and two cons traiied ili'~cr I.eanv \ %crcn-, tC 1:,Cv'

cwcaibsorb-er Pecimcw1s. Dlinsiri 'is anld p111-Sic i 1'! oj'cit L esneIC ow-JA ill IALie 1.

\1eca ml~ld pro rerucs of' a viscoelastic rI'IIiAjl de1pend onl templera: tire and,

ii eunc~e. [le loss I acters arid shear niodulli of theC V\iLCoLtStic rnaI-in a e invi

-~~ ~ ~ necinitens at roomn temperature 7; TiF are shown in Figure 12 oni ac d n
I I tre I onl Page 31. These data were obtaied from Desieii Dita Hhe :iii b

Cah1 t. A1. [ Rd' 91. Analytic expressionrs of- tile loss fct~ors IInd Shear1 !I cd Ll i C! C

~Jetrrnnedfrom curI e [its to these data. The Collowing lb iur 'quatII r:re:t!e

ilittors and shear moduli of' the LD-4IW)() and [,SD-1 112 vsolsi a :v

;1 . 5

=~~~ - - ) 3- 1

U 10025S -. +.2/ -1( ±4 7.5S ±9S33

I' represents the f'requency. q, and q, represent the loss factor of' L D-"'()) anid ID-I 112

viscoelastic material. G,~ and G, represent the shear mo~dlus of' L D-4(-)( anid IS D-I I"

'soeatcmaterial. Figure 14 onl page 32 shlows w~aCUi1de absorbers which1 w-ereC uSed

in this study.

Impedances of waveguide absorbers at the attachment points were deternii-icd hIi o

* . .steady state random vibration tests. The WaVCu'ide absorber wNas excited bv a WiLeoxon

F-1 F, ,-Irton gcnerator uMsIn a banld i'mited wite noise silaa i 0 l fo

I I1P-3562A\ dynamnic siganal analyzer ( Fiure 15 on page 331. The wa-vcuiLld-e abLsorber %vas

mounted on the Willcoxon F4 F7 v ibration generator ( Figure 16 on page 3-4). Force and

acceleration were mecasuied usinge a force transducer and a piezoelectric ucce-ic-rol'iicril

thle impdane had of' the Wilcoxon F4f [I shaker. Thes sI-nliwr nlzdb

I [P-35(02; dy-namic slignal analyzer. 1 0) data samples were averacd fur each meaCsur-

* merit.

V e meN s ureIert 01' imlpedance Incue the impedances of' bol-,s aid- nu1.t, 11Ji
connetmri aiuiiin i peces l hereib re. the lnfIecoso bls ntMCaCdcv icei

* a11lumium pices. tilie so-called miass Cle hct, wereC measured separately. T1otal ilicdarices

I-V0
% % 4S

%0 %'



. Talle 1. DIMENSIONS AND PROPERTIES OF -lIE W\AVGI( IDL \1,(.'R-

B E\ R 1E9(11 I F S.

0 ME I(\N.

,T.' I. [I - EL S I 1.5 l5(l()

STRAIN' D ..\2C 0

VISCSO.-
IRAf N :L IC r

"1 1' -' I

E LI\S TI I C LI I). I .,

r j LS F.. NS 121 16.
F I II CK.\YLAS

NESSC O

m' F LASY W

K-'Y-

K
S I R-IN F

0A



~ P~l% F~Jk~A'~ "~~.... u- ... . . ....... . ... ....

.. ......0. . ... ..... .. .............

... ...................... ..............
O p............ ... ........... . ........

........... ........ .....................................

0......... .... .... - ... .......... .... ...... ... ...........
... .. .. .. .. .. ... .. .. .. . .. .. ... .. .. .. .. I.. . ... .. .. .. .. .. .. .. .. ... . .. .. .

.. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .

.... ... .... ... ..... . L... .. .......S ...... ..O ... ... ... ..T. .K.Fig u re 12.L o ...fa c to .... fre ..... fr.a... a.. ... .... .. a.. ......... .. .. .. 1 1 .. .... ..

I
..... ... .... . ... .... ..... .... ..3.. ...

... ... ..

......... ..... ... ..................

4Z

~~~~~~~~. . . . . . . .............. ...... ................ ........... . . . . .j.J~ ~~ ~Voz~ S S*** / -.r T-



6 .. ... . ... .. ..

bib

. .. . .. . .. . ... . . . .. . . .. . . .

.. .. . . . .. . . . . .

.. . . .. . ... . ... .

.. . .. .. .. .. . .. .. ..

%% ....... ... . .... . .... ..

... ..... .. ... .. ..... . . . .

pip"i

:) .. .. ........ ..

0 4. ... ..... . .. ...... .....

(sisriaox HIY7HS

Figure 13. Shear modulus vs. frequency for a LD-400 and a ISD- 112.

03



1'% %.

7 Air,
, 'W.WU ' 'VW W W W W. ' x"-.'~~

00

I.-

Figure 14. W'aeguide absorbers.

32,"



WAVEGUIDE ABSORBER

Jo

IMPEDANCE HEAD
INPUT OUTPUT
FORCE WILCOXON ACCELERATION

F3 SHAKER

MATCHING NETWORK
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". 4
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SIGNAL
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r ., MODEL 4477-2 ENDEVCO SIGNAL
CHARGE AMPLIFIER CONDITIONER

HP-3562A DYNAMIC

SIGNAL ANALYZER

Figure 15. Arrangement for waveguide absorber impedance measurement.
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C. DXIPING OF tHE PLATE

M,[odal damping values oF the plate .ere determined lrom structural tran,,Ier FirIc-

tions at a driving point and betwCeCn input and o utpt points on the tCt p ,.Ate ,h i) h

were measured using random excitations. [he ItP-5o2.\ dvnanic rumtl anavz.r ,as

used in the measurement of the transfer kinctions. Ihe Wilcoxon F vibration .LCnerator

excited the plate at location 4 usinu ratdom oscillation si2nals liom a I lP-S_;o2.\ d%-
natnc signal analyzer. Input forces and output responses at the drivin, point were

measured usine a Force transducer and a piezoelectric accelerometer in the impedances

head of' Wilcoxon F3 shaker (Fi gure 17 on page 3'). The damping IneasureenICt con-

figuration is shownt in Figure IS on page 37. It was necessary to measure rcsponses 'It

several points other than the driving point to accurately measure damping values of'
closely paced modes. These were measured usine the Endevco 2250A-10) piezoelectric

acceleromneter. Modal damping values of all the modes in the frequency range of

l0i-2,1)(Mlz were determined tiom the response functions using the Half power Band

Width method [Ref. 101 and a curvef-it method (Ref. 11
lModal damping values of the plate without a waveguide absorber were measured

as the baseline. A waveguide absorber was attached to the plate at location 1. lhe

waveguide absorber was changed after each measurement of' the damping for oLur dill

ferent waveguide absorbers which were described in section 4-13. After the damprping was

measured at location 1, measurements were taken at location 2 and location 3.
' ile most eflective waveguide absorber at each location was selected. The 20' vis-

coelastic beam waveguide absorber, the 16'" constrained laver beam waveCuide absorber

Sand the 1i viscoelastic beam waveguide absorber were most effective at locatiun I 1.
and 3. respectively. Therefbre. the damping with two waveguide absorbers attached at

locations 1 and 2. and the damping with three waveuide absorbers at locations 1. 2 and

3 were also measure, to see the eCl'ct of multiple waveguide absorbers.

A0 "o
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IN'. RESULTS AND DI~iCL'SSIONS

A. I\NIPEDAkNCES OF TIlE i[Lsr PLATEr

lImpedancs of'the test plate were mleaIsured C~n 0 inpu1PLt 11ammerI~l tsts as crVd
InI Sctionl 1.A. SInce thle a uinin urn te1 Cst plat is a liulmtlv

dances at resonance t1Irequencs are %ery low and ait ati-resoniance 1I q rIenIC.:1 kre !%

l1, 1. PhalCSwt 1 SiY phase siflt are necar _91W Iboth at the, ICSonan1ce (T1-i I; t[lie

ai-resonantc 1-klrequencs.

Since, location 1 is the center point of' thle ph te. univy small11 lum-her-s ofeAia

and anti-resonance frequencies appear (Figure 1N onl paee 31) and Vigure 2'on 1;

40.Neither location 2 nor location 3 are onl an,, line of' sy-mmletrv of, thle test pla:te: aIl

the resonance and anti-resonance points appear ini the impedance vs. he'.j uicnLcv dial-

2ra3i11s. ( r 21 onl page -41. figtire 22 on page 42. -llr 23 on)1 pag-e 3 and

* [icure 24 Onl Page -44). H owever. the anti-resonanice f'requencies at location 2 a-nd these

at location 3 are dilhzrent.

% .% *
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.1k" B. IMPEDANCES OF THE W.\VEGUjIDE ABSORBER
Iwo difflerent klinds of' wavezurde abs or hers. LL %scocli stic b-eamiiIi a cozimti-aliojc

laye bea. ar mnvstretedin Tlhi Str~dV, 1ll a vres ~iCLO 'ti~rV H ln.ura)V. ia

R.cf "I. uI'pedanices wecre predliCted 0onlV for' the niieSjCo~ stic Om r U Ber--

iiotiii-1:ulk.r beCall thcoiv anid the theoretical pi edictiori dhowcd w-,ide diflcrcnjcc f'-irar th._

experimental res ults. Ill this Stl .this prei'ouIs Work is extendcd to include!( [!I,' inipe~-

danices f'or thle finlite viscoelastic beam. Since Bernioulli- ISuler beam theorv does not in-_

Clude the shear Jcf'urmlation and rotary inertia effect of' the visWclasLic beam11. tile

predictions f-rom thle -fimlosl'iciik beam theory ate studied to invesr, ,iate these cill zcts (3:i

wVave propragation and impedances. and are compared %vidh thle reSUls 1ir0am the Der--

nioulli- Euler beamn theory. The impedances of the consti aired layer beam wVeeni~dC I[)-

sorbe r were predicted using tire sixth order beamn theory .

Th'le Impedances fr~om these theoretical Predictions are compared wvith the impe-
dancs fom te epermentl masuements for the 16' and 20" lerreth waveouide oh-

sorbers of' tw ifflerent kids. In the calculation of' theoretical predictions. the loss

I'actors and shear mioduli of viscoelastic material were varied as F'unction of frequency

as described in Section 3.13. During the experiment, the Willcoxon [4 F7 vibration szen-
erator~~ ~ prdue chrcerSi eroswhich occured at different frequencies dcpeirdin

onl thle mlass of' thle wavecuide absor-bers. Therefobre thle viscoelastic beam has unreliable

data arouind 70O(1-17l and tile constramned laver beam has unreliable data around 3.;()l lz.

Figure 25 onl page 417 and Figure 26 onl page 48S show the three theoretical Wlipe-

dancs compared with experimental data. The BernoulIli-F tLler beamn theory for finite

beamis showsq some standinu wave eff'ect at low f'requency range due to reflection at thle

f, cc enid of' the-beam,. but aproa1ches tile resuLlts Of* thle infinite beaml as i'rcq uenc(: inl-

creaIse. Thle results of' thle Bernoul-1E1-uler beam theory do riot quite corres;pond to ex-
perrirntl rsuls or irevicoelastic beam. I mpedances from the I'inioshenk-o beam

*the"or-:. Closely Iblow thle experimental rcesults for viscoelastic beams as shown in

1ietii 2i onl n-ace 47 andl EirzuLre 20 onl patze 48. -hese show that the ;lhear defo rmation

anld rota r inert acf lct sr are lrzirificant for thle impedance prediction of' beam typeC

* I~nre27 onl pauc -4) aind ligu re 28 onl page 50) represent the real and imagiriarx'

* art, (A' thle I o) cons .rai ned Li -r beam waJ veguide a bsorber anrd I (ii-or 21) oni pagec I
aridI iureSI)on)ae 52 reesc; r the real and imaginary parts of' the 20) conistrained

la~ erbca~rwase~udcabsorber. In both beams, the theoretical reCsLtts of' the impednceIIs

-45
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1-Imin the sixthi order beanii thc3 rv and the resonance Frecluencyj ilatternls ,Arclms

, arlle -As thIie eprert mental re: lt.

Bot tli lnasi heiko becam t h envy an d thle sixth order beam theory, pi cdiclt 11I im n-e

I rluencie,, diiftcd a EHouLnt Iron the expeenmental resuir s as, Freqie cmx a ir ,:cica 11and 01e
:inperdanc minnciuiude of' QCperiniel i al results are bi~gcr than the thieoretical reso rst,.

-1hlese differece bectween theoretical and experimentalI impredances mav derive cFrom the

Oncurc otShear m1oUlus and loss; fa ctors wich values wvere selected t~i,0 75 1- roomTj

templera tuLre and chaniced, dorpeirin on f'req nene':. I lowever. the theoretical p-redictionl

usnelmoshenko becam theory C r tuec viscoelastic becam and tile six th order becami Ohe-

orv I'Or the constrained Ilayer beam fallow the caic trend (i gure 12 on paze 3'I) and

iiurc I Icni pac e 3 1

I mpedances of' wa\ l absorbers are very low rand do not show any sharp va ri-
-~I- l ta or- all f-eq UCtNics II thie range tested, which are quite diflerent firom tie inined-ane

o)f' the rest plate of' cry lightly damped structures.
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C. DAM PING OF THE PLATE
"'Kil 111"OS urpose o thsC~t-erIn11cnt is to in vest jea;te rihe o fleet of ILlit 'e"Leht 'vx '2I:

Thsorbters onl daral 11k1ce in pla'te t~pe struicturcs n0c a'~ 0 wide o o

7 *t- DI) a n'ig of the test oI i rttr C waIS maudWith il aataclinictit of : li un1 ol,

Ca our Jifferent: -xa% egulde oh sor1b-ers ( 16" or 20) 'viscoellisuek or cc istraiined, I.a r 1-eaim

at three dii~lrent locations. i-he firequencx' response and the mnodal damping %alues at' the

ajuiuLM test plate w ith a wV ecuLide absorber were compared with those of' the samT~e

IPlato withOUt any \vaVe"ude absorber over a wide froequency range f-2?1 (ff71,

The modal dan1-Ipi vlu1es Of' the test plate without a waoctiide absorber areson
in ie I o2 ae5oadI onl pagze 57. They show that more than 2() Iighiv-

da mped modos a re I n the fi'Neerc% rangue bet ween I' I iIf I z t o 20)179 lIz wth the Io n e t

Iequency 1951 Iz.

The1 damnl[g1 conltribution of' the same waVLeguide absorber to a samne plate was dif-

% % ~ t'rent depending on the location of' the waveguide absorber attachment polit. For the

2 'viscoela-tic beam wavle( iide absorber, there was marked damping increase foUr
modes lower than I PIf- Ilz when it was attached at location I (Figure 33 on page 58 and

'e34 on page 59). H owever. itwsmr Mfective For modes highier than I 21-)91Ilz

when it was attached at location 2 (Figure 35 on page 60 and Figure 36 on page 6 1)
WVhen it was attached ar location 3 its contribution to plate damping increase was. 21-

fective for wider frequency range of 25011z-l50')0Hz (Figure 37 on page: 62 and

fiLure 3S on pagie 63). This trend applies to other '.vax'eguide absorbers, though the

ialCniitutde of damping contribution and the fr'equency r-anges were different for each

casve Figures in A\ppendix 13).

Dlifferet mnodal damlpint, effects with a different waveguide absorber at the same

location were0 also obrvedC. At location 1. the 20' viscoelastic beami wavcuide absorbe)-r

aS motefciefrtefequency range lower than 1 1101 1z ( Figure 33 On page 58

J and I Igitei 34 onl page 59) and the 16" constrained laver beamn wavegzuide absorber waq

'a Tiio 't eflcctie 1'for the f're(Juency range higher than 1201)11,: ( Ficure 39 onl page a. rlid

I Lure -41) onl pac go05). At location 2. the 29)" and 16" %iscoelstic beam11 waX''ecuide b

-si ere showed moderate contribution to plate damping nd the 20" constrained laver

"e hc. ni -wo xcuui Ic abs;orber contributed the least ama un t to Pla toed pi uc'i. 1 ~ 01 F'e LI eCv

r,1112c', wxer 12~lI.the 16' constrainecd laver beam waezkeabsorber prcdticcsl thle

lretdampingc inLrea Se. A t location 3. the 20' and to ' vscoelastic beamn wavecuidle

ah',orhers and the 210" constrained lover beam v av.eguide absorber produced moderate

53
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J % d tirinm, increase o%r a wide Ii eq uencv ran,'e of 5 l z-S , £. I lowex er. th',e I

¢co~ilrined a.er beam \vavc2uide absorber showed the least daminr incrca'e.

A ter ti electioi of optimum danipine at cach cl , icn. \ W .\ W. o .ic al- er,

i.,coeis c and lo- constiaincd laxer beam) were "ta icd at 1oca11 a 'fl ' 2 nd

three wavecuide absorbers (2() ,viscoel-.astic. 1o" contrained laver and I "iscoclatric

beam were attached at locations 1, 2 and 3 to see the elliect of multiple :uvtecid. ab-

"orber, on the test plate damping ( Figure 41 on page 60). ieure -42 on pree 67 and

43 on page OS represent Frequency response and modal damping ofthe plate wati

two waveC.uide absorbers. -iiure 4-4 on pae 69 and Figure 45 on pace -() rotcresent

-e,,uency response and modal damping of' the plate with three Wa-Cuide absorbers

Damping of the plate increased with increasing number of the waveguide absorbers

Figure -42 on page 67 and Figure 44 on page 69). The damping increase resulting frorn

attachment of two or more absorbers resemble the sum of the seperate result of each.

Impedance of the test plate at location I is compared with the driving point inIpe-
0 dance of the 20" viscoelastic beam in Figure 46 on page 71. This figure shows that at

resonance frequencies the impedance of' the test plate is much smaller than that of' the

waeuide absorber. Figumre 47 on page 72 and Figure 48 on page 73 show the con,-

parsion between the impedances of the test plate at location 2 and location 3 with the

drying point of the 16" constrained layer beam and 16" Niscoelastic beam. respectively.

I hese figures show that at low frequency range (<40011z) the impedances of the test

, plate were higher than those of' waveguide absorbers and at high frequency range

>lJ .)lz) impedances of' waveguide absorbers were higher at some resonance Irequen-
2:::!I Qes.

From equation (2.7). the loss lactor contribution, ;1. of a wavecuide absorber is

proportional to the following 3 terms:

e.'--.'. . R -1. 1)

(4. )

I.,

I-W'V27 (4.3)
S+
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The first term is determined from wavetuide characteristics only and the second term is

determined from the impeda nce ratio between tIe test struct.are aId a aveCuide ab-

.,sorber at tIle atttachment point. I lowever. the third term depends Oi the interact ion be-

twV,.een the test structure and a wvaveCuide Libsorber and the whole response of the test

plate. It' Z, is much smaller than 7. then F" will remain constant befibre and after tie
attachment of'a waveuuide absorber. Previous studies [R ef. 2 and Ret' 3J were based

on tis assumption arid gave rnisleading indications that experimental loss Factors would

be much higher than theoretical predictions. In the present study. as shown in

Ficure "c, on pace 71. Figure 47 on pane -2 and Figure 48 on page 3. the iipedances

of the test plate were similar in magnitude to impedances of',aveguide absorbers at re-
. soriance iIequencies and the loss fhctor contribution due to wavecuide absorbers could

not be predicted using equation (2.7).
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V. CONCLUSIONS

-'The purpose of this study was to develop tvo kinds of high damping beam wave-

*u guide absorbers for application to naval structures oxer a wide liequCec:v range

l,(O-lz-2f)ooflz) and to evaluate theoretical prediction schemes using various beam

theories. Comparison between theoretical predictions and experimental results Show that

SIimoshenko beam theory and the six order beam theory Can be used in the prediction

of impedances of viscoelastic beam waveguide absorbers and constrained layer beam
waveguide absorbers. respectively.

Application of' waveguide absorbers to a test plate structure showed that damping

of the test structure can be increased significantly with one waN eguide absorber over a

frequency range. The magnitude and the frequency range of damping increase depend

on the impedance of the waveguide absorber and on the location. The prediction of

* damping increase due to an attached waveguide absorber, equation (2.7L does not show

the ef'ect of waveguide absorber completely since this equation does not include th,
.structure vibration reduction effects due to the waveSuide absorber. Since the contrib-

ution of each waveguide absorber to the damping of the test plate is additive, the modal

damping values of all the vibration modes of the test plate in a wide frequency range can

be increased using multiple waveguide absorbers.
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V!. RECOSINIENDATIUNS

N From the results of* present study followinz are recommended For Future studies on

-'avecuide absorbers:

I. Investigation of the efftect of' a waveguide absorber on the reduction in vibration

of the oriinal structure and derivation of the relation between the impedances and 'Me

mode shape oF the structure.

2. Theoretical studies on impedance prediction of waveguides oF different shape such

as circular viscoelastic plates and application to damping increase.

3. Investigation of interaction between waveguide absorber for multiple waveCuide

N absorbers applications. and

-. Optimization of application of waveguide absorbers in design. number, and

location.
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APPENDIX A.

- 1. THE IMPEDANCE OF THE INFINITE VISCOELASTIC BEAM! LSING

BERNOULLI-EULER BEAM THEORY

THE THREE REDUCE PROGRAMS WERE USED FOR EVALUATING THE I.PEDANCE
• OF THE INFINITE VISCOELASTIC BEAM USING BERNOULLI-EULER BEAM

A * THEORY.

C
C THE FIRST REDUCE PROGRAM DEFINED TRANSVERSE FORCE AND TWO BOUNDARY
C CONDITIONS.

• • C
YY: =YI*EXP( I'K1*X)+Y3*EXP( I*K3*X) ;
PP:=DF(YY,X);
MM: =-EI*DF(PP,X);
FF: =-DF(MM,X);
YO: =SUB(X=O,YY)-Y;

• PO:=SUB(X=O,PP)-P;
BYE;
C
C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y1 AND Y3).
C
Y0:=YI+Y3-Y;
PO: =Pl*Yl+P3*Y3-P;
SOLVE(LST(YO,PO),Yl,Y3);
BYE;
C
C THE THIRD REDUCE PROGRAM EVALUATED THE TRANSVERSE FORCE.
C
YY: =Yl1*EXP( I*KI*X)+Y3*EXP(I*K3*X);
FFF: =EI*DF(YY,X,3);
FF:=SUB(X=0,FFF);
BYE;

* THIS FORTRAN PROGRAM DEVELOPED THE IMPEDANCE OF THE INFINITE

VISCOELASTIC BEAM USING BERNOULLI-EULER BEAM THEORY.

DEFINED VARIABLES;
E COMPLEX YOUNG'S MODULUS OF TILE VISCOELASTIC BEAM
F : FREQUENCY (11Z) *
FF : TRANSVERSE FORCE (LBF)
G : CO 'IPLEX SHEAR MODULUS OF THE VISCOELASTIC BEAM
GRAV : GRAVITY (32, IN/SEC
IMP IMPEDANCE OF THE VISCOELASTIC BEAM
POISS : POISSON'S RATIO
ROI{ : DENSITY OF THE VISCOELASTIC BEAM
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XB, XH,XL DIM'ENSIONS OF THE BEAN (WIDTH, HEIGHT, LENGTH)
X I AREA MO0MENT OF INERTIA

XKi, XK2, XK3, vK,4 WAVE NUMBERS
* XNETA ENERGY LOSS FACTOR OF THE VISCC'ELASTIC BEAMf

vi IMAGINARY (0,1)

C
COMPLEX VI,G,E,KB1,KBZ,XK1,XIK2,XK3,XK4,PI,P3,Al,A2,A3-,A4,rL, IP
REAL F,POISS,GRAV,PI,XB,XH,XG,ROH,XI
REAL W,XLOG,XN4ETA,XA,XC" A,XSA,KC,IMIPR,IM'PI

C

G CONSTANTS
C

F=10.0
POISS=O. 45
GtRAV=386.O
PI=3. 1415926
V 1=CMP1L(O0. 0,1.)

C
qC DIMENSIONS

C
%B=1. 0
'H=0. 35

C
C PROPERITIES
C

ROH=O. 05505/GRAy
XI=(XB*XH*'*3)/12.0

C
C FOUR DIFFERENT WAVE NUMBERS

DO 100 I=1,100
W=2*PI-'F
XLOG=ABS( LOG1O(F/62))
X'NETA=0. 63*EXP(-0. 52732*XLOG**1. 956)

C XNETA=O. 2
* C XNETA=O. 5

XGO0. O002503*F**r3-0.1752 *F**'2+457. 5883*F+29280
C XG=200000

* G=%G*-CMPLK,( 1. 0 ,XNETA)
E=2'*G*( 1+POISS)
XA=ATAN(XNETA)/4. 0

XCA=COS( -XA)
XSA=SIN( -XA'
KC=(SQRZT( 1+.XNETA -2) )*( -0. 25)
KB 1=-CSQRT(RPOH*XB*XH*W**2 / (E*XI))

*KB2= CSORT(ROH*XB*XIIW-"-2/(E*XI))
\Kl= CSQRT( KB1)*K-,-CCMPLX( XCA ,XSA)
:XK2=-CSQRT( KB I K~:px CXA
XIK3=-C'SoRT(IKB2 )*..KC*PL(YCSA
XK4= CSQRT( KB2 l) *KC*CHIPLX( XCA ,XSA)
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C DEFINED CONSTANTS FROM THE THREE REDUCE rRCOGRAM'S
C

Pl=Vl*XK1
P?2=Vll"XK2
F3=V1,'KKK3
P4=V1'XZ
Al= P3'(P3-Pl)
A2=0
A3=-P1/(P3-Pl)

K- A4=0
FF -l*ZI A ,,K ** 4A ,'-"K -,3

C
C IMPEDANCES
C

INP= 21"FF(V 1 *W)
ItMPR=REAL( IMP)
IMl-PI-AIMAG( IMP)
WRITE( 15,1000) F, IMPR, IMPI
F=F+20. 0

100 CONTINUE
1000 FORMIAT(IX,D9.3,2X ,Dl2.5,2X ,Dl2.5)

CLOSE(UNIT=15)
STO P
END

2THE IMPEDANCE OF THE FINITE VICEATCBEAM7\ USING

BERNOULLI-EULER BE.AMN THEORY
YY: =Yl1'EXP( I -'.K 1*X) +Y2*EXP( I".K2"*X) +Y3*,-EXP( I*,*K3*X%,) Y4*EXr( I*1K4*X);
PP:=DF('YY,X);
III: =E I,,,DF (PP, X);
rF: =-DF(lMM',X);
Y0:=SUB(X=O,YY)-Y;
PO:=SUB(X0O,PP)-P;
ML: =S BX= -IH.V);
FL:=SUB(X=L,FF);
BYE;

C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y1, Y2, Y3
- c AND Y4).

C
I Y0:=Yl+Y2+Y3+Y4-Y;

P0:=P 1*Y l+P2,'Y2+P3*Y3+P4*~Y4 -P;
M ~L: =M1*Y 11+M2*Y2+M3*Y3+N4!'Y4;
FL:=F1, ,Yl+F2*Y2+F3-,Yv3+F4*Y4;
SOLV.,E(LST(YO,PO,MIL,FL) ,Y1,Y2,Y3;Y4);

~. ~ BYFE
C

C THE THIRD REDUCE PROGRAM EVALUATED THE TRANSVERSE FORCE.

YY: =Yl1,EXP( I*'K1-,*X)+Y2*EXP( I' -K2*X)+Y3*EYP( I-,*K3*rX)+Y4-.'ENP( I"K4,'-'X);
%FEE:. EI)(Y 3);

FF: =SUB(X=0,FFF);

78

I%'



THIS FORTRAN PROGRAMt DEVELOPED THE IMlPEDANCZ OF~ THE FIN."ITE
VIiSCOrLASTIC BEAM. USING BERNOULLI -EU LER BEAM THEORY.

DEFINED VARIABLES.;
E COM)'PLEX YOUNG'S MODULUS OF THE VISGOELASTIC BFAMi
F FREQUENCY (HZ)

FF TRANSVERSE FORCE (LBF)
* G COMPLEX SHEAR MODULUS OF THE VISCOELASTIC BEAM.

GRAV GRAVITY (3Z IN/SEC
IMlP IMPEDANCE OF THE VISCOELASTIC BEAM
POISS POISSON'S RATIO
ROTH DENSITY OF THE VISCOELASTIC BEAM
XB, XH,XL :DIMENSIONS OF THlE BEAM (WIDTH, HEIGHT, LENSTH)
xi AREA MOMENT OF INERTIA

K 1 , XK2 , XK3, XK4 :WAVE NUMBERS
XNETA ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM-
VI IMAGINARY (0,1)

C
COMPLEX V1,G,E,KBI,KB2,XK1,XK2,XK3,XK4,P1 ,P2,P3,P4
COMPLEX Mll ,M2,.3,M14,FI,F2,F3,F4,DEN.AI,A2,A3,A4,FF,IMPf

* REAL F,POISS,GRAV,PI,XB,XL,XH,XG,ROII,XI,Wi,XLOG,XNETA,XA,XCA,XSA
REAL KC,KR1 ,KR92,KR3,KR4,KI1,KI2,K13,KI4, IMPR, IMPI

C
OPEN(UNIT=15 ,FILE= FF1')

C
C CONSTANTS
C

F=10.0
POISS=O. 45
GRAV=386. 0
PI=3. 14159246
V1=CMlPLX(O. 0, 1. 0)

C
C DIMENSIONS
C

XB=1.0
XL=3.0
XH0. 35

-~ C

*C PROPERITIES
C

ROH=O. 05505/GRAy
C

C FOUR DIFFERENT WAVE NUMBERS
C

* XI=(XB*XIWl'3)/12. 0
DO 100 1=1,100

W=2-*'PI--'F
XLOG=ABS(LOG1O(F/62))
KNETrA=0.65-..EXP(-0.52732*XLOG**1. 956)

C X'NETA=O. 2
C XNETA=0.5
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'XG=O. OOO253-,.F**~3-O. 1751.."F-,'*+457.58*+90
C XG=200000

G=XGU*CMPL:;( 1. 0,XNETA)
E=2">G-,( 1+FUI SS)

4 XA=ATAN(XNET A) /4. 0
XCA=COS( -XA)
YSA=SIN(.-XA)

,~ 9.KC=( SQRT( 1+XNETA-,,*2) )(-0. 25)

KB2= CSR(O*BX-.*.(-.X)
XK1= CSQRT(KB1y!'KC.Cl1PLX('NCA,XSA)
XKZ=-CSQ.)RT( KB 1)"KC*C>.IPLX( NCA , SA)
NT K=-CSQRT( KB2 )*KC*CMiPL -X CA ,SA)

-, NK4= CSQIRT( KB2 )1'KC.CM.PTL X CA , NSA)
KR1=REAL(:.:Kl)
KR2=REAL(XlNK2)
YR3=REAL(XK3)
KR4=REAL( XK4+)
KI 1=AIMAG(XK1)
KI 2AIIAG( XK2)
K13=AItIAG('XK3)
K14=AIMAG(XK4)

C
C DEFINED CONSTANTS FROM THE THREE REDUCE PROGRANS

* C
P1~V1*xK1
P2=VlXK2
P3=Vl*XK3
P4=Vll'XK4
MI=EXP(-X*I)( SX*R1+lSN( K1)*XK1**2
Ml2=EXP( -XLI'KI2)*(COS(XLKR2)V'*SIN(XL1'KR2) )*XK2'*
13=EXP( -XL*KI3)*(COS(XLKR3)+VD,'SIN(X*KR3))*XK3**2
N14=EXP( -XL*KI4)*( COS( NL*KR4)+V-*SIN( XL*KR4) )*XK,4"'2
F1=EXP( -XL*KI1)*(COS(XL*KR1)+VV*SIN(XL*KRI) )*XK1*'*3
F2=EXP( -XL"K12)*(COS(XL*KR2)+VI*SIN(XL*KR2) )*XK2**r3
F3=EXP(-X*I)(CSX*R3-V*INX*R)XK3**3
F4=EXP(-X*I)(CSX*R)+I"I(X 'K4)*XK4**3
DEN=( F4-'M 3*P2 -F4*143'*P I-F4-, 2*P 3+F4*LM2*P 1+F4*H 1*P3 -F4-Th 1lP2

=& -F*~4P+3M--IF*12P-3'l.*lF*'1P+3M

& -Fl'14*P3+Fi,'r4P2+Fl*M31P4-F*4*2F*,,'P+lm*3
Al1=( F4-, ti13-'P2 -F4*tM2,'P 3 F3*tM4*P2+F3* !2*P4-+F2* 14*P3 -F2*113-,P4)

& /DEN
0 A2=( -F4*M13*Pl+F4*MV1*P3+F3*Mk,4*P 13 ,,l*4-lt1-,3F*"3-4

& /DEN
A3=( F4*M2*P I-F4*lM W,'P2 -F2* 14"Pl+F2.*M1P4+F l*M4'*P2 -F1*"N2*P4)

& /DEN
A4=( -F3Y2P1F -2M~3-1H3P+ ~1~3

.1 ~ &/DEN
0 ~~FF=-Vl*;E*XI*( Al' XKl'.3A-'X *'3A*X3-3A4X4 .3)

G
*C IMPEDANCES

-: IMPR=REAL( IMP)
IMPI=AIIIAG( IMP)

0
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WRITE( 15 .1000) F, IMPR, IMPI
F=F4-20J. 0

100 CONTrINuE
1000 FORMATr(iX ,D9. 3, ZX,D12.5,2X:,D12. 5)

C LIJSE (UNIT=15)
STOP
E ND

3. THE IMIPEDANCE OF THE FINITE VISCOELAkSTIC BEAML USIN

TIMIOSHENKO BEAM THEORY

* THE THREE REDUCE PROGRAMS WERE USED FOR EVALUATING THE IMNPEDANCE
OF THE FINITE VISCOELASTIC BEAM USING TINOSHENKO BEAM THEORY.

U C
C THE FIRST REDUCE PROGRAM DEFINED SHEAR FORCE AND FOUR BOUNDARY
C CONDITIONS.
C
YY: =Y 1'EXP( I,'K(*X) +Y2*EXP( I*K2*X) +Y3*EXP( I*K3*X)+Y4*".EXP( I*K4*'X);
PP1: =Rl*Y1*' P(II',K*X)+R2*~Y2*EXP( I"K2'*X);
PP2:=R3*~Y3*.'EXP( I*K3*X)+R4*Y4*EXP( t*K4*X);
PP:=PPI+PP2;

* I: DF(PP,X);
SS:=-(DF(YY,X)-PP);
YO: =SUB(X=0,YY)-Y;
P0: =SUB(X=O,PP)-P;
!IL: =SUB(X=L,MMI);

* SL: =SUB (X=L, SS);
BYE,
C

*C THE SECOND REDUCE PROGRAM SOLVED CONSTANTr VARIABLES (Y1, Y2,
C Y3 AND Y4).
C
YO:=Y1+Y2+Y3+Y4-Y;
P0: =R1* Y14R2 *Y24.R3*- Y3+R4*Y4-P;

SL: =S1*Y1+S2*Y2+S3*IY3+S4*Y4;
SOLVE(LST(YO,PO,MiL,SL) ,Y1,Y2,Y3,Y4);
BYE;
C
C THE THIRD REDUCE PROGRAM EVALUATED THE SHEAR FORCE.

YY:=Yt..*EXP( I*Kl1*X)+Y2,',EXP( I*K2*X)+Y3*EXP( I*K3*X)+Y4*EXP( I*K4*X);
P P1: =R 1 *Y1*',EXP(IDK1*X)+R2*Y2*,'EXP( I*'K2*X);
PP2': =R3*,'rY3*EXP( I*K3*X)+R4,*Y4*EXP( I*K4*X);
PP:=PPI+PP2;
SSS:= AG*A"DFY,)P)
SS:=SUB(X0,SSS);

* BYE;

* THIS FORTRAN PROGRAM DEVELOPED TILE IMPEDANCE OF THE FINITE
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-. v I%1SCOELASTIC BEA'I USING TIM"OSHENKO BEAM THEORYf.

D EFINE D VARIABI.ES,
C U I CPMLE X YOtNG' S MXODULUS OF THE VISCOELASTIC DEAMl

F FRL)EW (I)
0C.V -71= SHEAR MO0DULUS OF' THE ISCOLLASTIC BEAM

GRAV GRPAUTTY ( 3T) I N,/'SE 1
IMIlp IMPEDANCE OF THE VISCOELASTIC BEAM
FAR SHAPE OF CROSS SECTION

* POISS POISSON'S RATIO
ROH DE'NSITY UF THE VISCOELASTIC BEAM
SS SHEAR FORCE (LBF)
XB, XU,XL :DIMENSIONS OF THfE BEAM (WIDTH, HEIGHT, LENGTH)
xi AREA MOMENT OF INERTIA
XlF1, XK2, XK3. XK4 :WAVE NUMIBERS

* XNETA ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM
:%vi IMAGINARY (0,1)

C
COMPLEX Vi ,G,E,XKN1 ,XKN2-,XKD,XK1 ,XK2 ,XK3 ,:K4,R1 ,R2 ,R3 ,R4+
COMPLEX MLil12,Ml3 ,M4,SI,S2,S3,S4,DEN,A1 ,A2,A3 ,A4,SS,IM!P
REAL F,KAR,POISS,GRAV,PI,XB,XL,I,X,-G,ROII,X.I,Wi,XLUG,XNETA
REAL KR1,KR2,KR3,KR4,KIl,KI2,KI3,K4,IIPR, IMPI

OPEN( UNIT=15 ,FILE=' TIM'

C CONSTANTS
C

F=10. 0
KAR=O. 83
POISS=0. 45
GRAV=386. 0
P1=3. 1415926
Vl=CMPLX(O. 0, 1.0)

C
Cl DIMENSIONS
C

XB1l 0
XL8. 0
X11=0. 35

C
C PROPERITIES
C

RO1=O. 05505/GRAy
YI=(vB*XI[*"3)/12. 0

W*% C
C FOUR DIFFERENT WAVE NUMBERS
C

*DO 100 I=1,100

XLoG=ADS(LOGIO(F/62 )
XN ETA=0. 65*,'EXP( -0. 5232XO*1 936)

C XNETA=0. 2
c XNETA=0. 5
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0C00O OOOO33'cF-,'3-O. I752 'Fl"2+437. 5683*,r+2928O
C XG=200000

I'G=XG-*CMPL'l:( 1. O,XNETA)
E= IG(+POISS)

XKN2= S QRF( W-'"4",-( (KAR,,*G+E) /ROll)*','2
& "A- 'GE*W-.--'4-KA GX HW"*/ (ROH*X I))
& /ROH* 2))
XKD=2*KAR*G*E/(R0H*-'2)
XKI= CSQRT( (XKN1+XKN2)/XKD)
XKIZ=-CSQRT( (XKN1+XKN.) /XKD)
XK3= CSQRT( (XKN1-XIKN2)/XKD)
XK4=-CSQRT((XKN1-XKt;2)/XKD)

A KRI=REAL(XK1)
KR2=REAL(XK2)
KR3=REAL(XK3)

A KR4=REAL(XK&)
1(11=AIMIAG( XKI)
K12=AIIIAG(XK2)
K13=AIMAG(XK3)
K14=AIi'AG(XK4)

C
C DEFINED CONSTANTS FROM THE THREE REDUCE PROGRAMS
C

* ~~~R =( ROH" W*~2- KAR*G*~XK 1**2) / (V 1KAR*G*XK 1)
R2 ( ROH'W2 -KAR*G*XK2*2) / (V 1*KAR*G*~XK2)
R3=( ROH*~W**2-KAR*G*~XK3*~*2) / ( V*KAR*G*'.XK3)
R4=( RO1*W2- KAR*G*XK4"*2) / (V 1KAR*~G*XK4)
M1=EXP(-X I)*CSX*K1+lSI(LK1)*V1CXK11"Rl
M12=EXP( -XL*'KI2)*(COS(XL*KR2)+Vl*SIN(XL*1(R2) )*V1*XK2.*R2
M3=EXP(-X*I)(CSX*R3+lSN(LK3)*V1*XK3*R3
M44=EXP( -XL*KI4)*(COS(XL*KR4)+Vl*SIN(XL*KR4) )'*Vl'XK4' -R4

S2=EXP( -XL*KI2)*(COS(XL/'.KR2)+V1*SIN(XL*KR2))*(R2-Vl*XK21)
S3=EXP(-X*I)(O(L K3+l*ICT*R)*R-lX3
S4=EXP(-XL*KI4)*(COS(XL*KR4)+Vl*SIN(XL*KR4))*(R4-V1*XK4)
DEN=( S4-I'-13*R2 -S4-,M3*R 1- 4*Mt2*R3+S4*M. 2*R 1+S4*M 1*R3 -S4".M 1',,R2

& - S 3*14*R2+S 3*M4*R 1+S3"':M2*R4- 53*M2*R I -S 3*M *R4+S 3*M 1*R2
& +S 2*tM4'R3 -S2*'lM4*R 1-S 2'M3*R4+S 2*M3'iR +S 2*t1 1*R4 -S 2*M *R 3
& -S 1tM4*R3+Sl*1%M4*R2+Sl*q-I3-R4 -Sl13*R2 -S 1*M2*R4+Slr-Th2--R3)

Al=( S4*M3*R2 - S41cM2*R3 - S3*M4*R2 +S 3*M2*R4+S 2'M4*R3 -S 2*M311R4)
& /DEN

A2=(- S4*M3*'R +S4*Ml1 *R3+S3*14*R 1-S 3*Ml IftR4 -Sl*1'1N4*R3+Sl1'~3*R4 )
*& /DEN

A3=( S4*M2'*R 1-54*M 1R2 -S 2'M4*R 1+S 2'*H R4+Sl1th4-,.R2 -Sl1M2",R')

& /DEN
A4=(-S3*M2*~R 1+S3'*M1'R2+S2 *M3*R1 -S2 .M1fR3 -S 1Th3*R2+Sl12-,,R3)

-~ & /DEN
SS=KAR*G*XB*XH*~( Al'(lV"X1+2(2V*K)A*R-l"'3

& +A40*(R4-Vlj'XK4))
C
C IMPEDANCES

INP=2*SS/(V1*W)
ItIPR=REAL( IMP)
I tIP I =A I-AG( IMP)
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WRITE(15,lOO0) F,IMlPR,IM!PI
J~v~F-E,0. 0

100 CONTINUE
100 0 FOFRMA T( IX, D9.3, 2X, D12. 5,2:, D12..3)

CLOSZ(UNIT1=13)
STO P
END

4. THE IMIPEDAkNCE OF THE FINITE C'ONSTRAINED LAYER BEAM'\

USING TH4E SIX'TH ORDER BEAM'\ ThiEORY

THE THREE REDUCE PROGRAM!S WERE USED F( RL%.*,VAiiATI',- TFE PENC

S OF THE INFINITE VISCOELASTIC BEAM USIN 3ENUL-ELl OA:

THEORY.

C
C THE FIRST REDUCE PROGRAM DEFINED TRANSVERSE FORCE AND TOBXUNDARY
C CONDITIONS.
C

*YY1: =Y1"EXP( I*Kl*X)+Y2'*EXP(I"-K2 -X);
YY2: =Y3-'EXP( I*K3*X)+Y4" EXP( I*K4.*?X);
YY3: =Y3*EXP( I*K5*X)+Y6"EXP( I*K6..X);

* UU1:=R1*Yl*EXP( I*K1*X)±R2*Y2*~EXP( I-.K2*'X);
UU2: =R3 Y3"EXP (T IK3*X ) ±R4*Y4*EXP ( I'K4*X);

* UU3: =R5*Y5*EXP( I*K5*X)+R6*~Y6*EXP( I*K6*X);
YYY:=YY1+YY2+YY3;
UUU:=UU1+UU2+UU3;
YO:=SUB(X0 , YYY')-Y;
P0:=SUB(X0O,DF(YYY,X))-P;
UD:=SUB(X0O,UUU) -U;
SL:=SUB(X=L,(PPI"DF(YYY,X.3)+QQ*,'DF(YYY,X)+RR,,'UUU));
ML:=SIJB(X=L,(PP*DF(YYY,X,2)+SS*DF(UUU,X)));
NL:=SUB(X=L,(TT*DF(UUU,X)));
BYE;-
C
C THE SECOND REDUCE PROGRAM SOLVED CONSTANT VARIABLES (Y4, Y5,
C AND Y6).
C
Y0: =Y1+Y2+Y3+Y4+Y5+Y6-Y;

UO:=R*lR 'Y+R*3R*4R" 5R1I6U
SL:=Sl1 'Y1+S2*Y2.+S3*Y3+S4*Y4+S5*Y3+S6-,'Y6;
IL: = l-l 'lIY + -3 Y + 4-'Y + 5* 3-l* 6

NL: =N ,-!N* 2N -. 3N ,,Y+ 5 Y-i6"6
SOLV;E(LST(SL,MIL,NL) ,Y4,Y5,Y6);

PC THE THIRD REDUCE PROGRAM SOLVED VARIABLES (Y1, Y2 AND Y3) USINiG
0C Y4, Y3 AND Y6. THE THIRD REDUCE PROGRAM EVALUATED THE SHEA." FORCE.

C
Y4: =B1 'Y1+C1,*Y2+D-',Y3;
Y5: =B2-*Yl+C2*!-Y2+D2 ,Y3;
Y6:=B33*Yl+C3*Y2+D3*~Y3;
YO: =Y1+Y2+Y3+Y4+Y5-4Y6-Y;
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SOLV E(LST(YO,PO,UO) ,Yl,Y2,Y3);

YYY': =Y3',EXP( 1-, '3-,X) i-Y4-,EXP( iK ~ )
Yyy3: =Y3-,EXP( Il5flY"EP K6*X);
YYYiY:=YYY1+YYY2+YYY3;
UUUI: =Ri-"Y1-,'-E'X P( I-.*K1-..X)+R2,,'Y2-,EX:P( IK ~
UUUZ: =R3*Y3,,EXP( I lK3*X)+F4",Y4-,'EXP( *'".X);
UUU3: =R5,,'Y5-EXF( I "K5*X) +R6'*Y6'-EXP( I~K~)
UUUU: =UUI+UU-U2-4-UUU3;
SSS5=PP"'DF(YYYY,X,3)+QQ*DF(YYYY,X)+RR*UUUU;
SS: =SUB( X'0,SSS);
B YE;

THIS FORTRAN PROGPAM DEVELOPED THE 1IMPEDANCE OF THE CONSTFAINED
LAYER BEAUl USING THE 6TH ORDER BEAH THEORY.

DEFINED VARIABLES;
El, E3 :COMPLEX YOUNG'S MODULUS OF THE CONSTRAINED LAYER
F FREQUENCY (HZ)

* G :COMPLEX SHEAR MODULUS OF THE VISCOELASTIC
GRAV GRAVITY (386 IN/SEC".2)
Hi1, H3 HEIGHT OF THE CONSTRAINED LAYER
H2 HEIGHT OF THE VISCOELASTIC
Il, 12 :AREA MOMENT OF INERTIA
IP :ll IMPEDANCE OF THE CONSTRAINED LAYER BEAIM
KAR SHAPE OF CROSS SECTION
POISS :POISSON'S RATIO

* ROHi DENSITY OF THE CONSTRAINED LAYER
ROH2 :DENSITY OF THE VISCOELASTIC
SS : SHEAR FORCE (LBF)
XB, XL :DIMENSIONS OF THE BEAM (WIDTH, LENGTH)

* XKl, XK2, XK3, XK4, XK5, XK6 : WAVE NUMIBERS
XNETA :ENERGY LOSS FACTOR OF THE VISCOELASTIC BEAM
Vi IMAGINARY (0,1)

C
COMPLEX*32 VI ,G,BB,P1,P2,P3,P4,P5,6,R,R2,R3,R4,R5,R6,Q,RR

*COMlPLEX*32 Si,S2,S3,S4,S5,S6 , N1, 2,13,,-4, M5, M6,N1,N2, N3,N", N5 , N6
COMPLEX*32 Bi,Ci ,D1,B2,C2,D2,B3,C3,D3,DEN1,DEN2,A1,A2,A3
COMPLEX B,D,XK1,XK2,XK3,XK4,XF5,X K6,-XK1,XXK2,XYK3JM ,IP
REAL*16 F,PI,GRAV,X B,XL,XG,Hl,H2' ,11i,.Ei,E3,Ii,13,DD,ROUI1,ROH2-
REAL*1i6 CCX~i,'rL(3),T2(30),T3(3O),QI(3O),Q2(3o),Q 3(e)
REAL*]6 XLOG,W,Z,C,BR,BI,CR,DR,DI,FT1.,FQI,DTT,DQIDQ1,DQ'T1I

AREALI.61 FT12,F'Q2 ,DTT2',D'rQ2-,DQQ2,DQT2,FTJ3,FQ3,DTr3,DQ3,DQQ3,DQT3
*REAL*16 XKRI,YE R2,'KER3,XKI1 ,XKI2,-XKI3,KRl,R'Z,KR3,KR,-4,KR5,KR6

EL;16 Kll,K12,KI3,KI4,KI5,KI'6,PF,SS,TT,IMIPR,ItIPI
PEAL XNETA

C
OPEN(UNIT=15,FILE='SAN')

C

SS

.8Sf



-A195 985 ANALYTICAL AND EXPERIMENTAL STUDIES OF KEAN NIWGU!OI
ABSORBERS FOR STRUCTURAL DAMPING(U) NAVAL POSTGRADUATE
SCHOOL MONTEREY CA G G LEE MAR 88

NCLASSIFIElD F/G 13/iG~ LEEEEEEEiEEEEEEEEEEmhEE



0
,0~

V
S.,

.1**

S.,

~qjiii 1. fl
ERIE A ~ iiili

- *SO rnt~g, 1I11I-.IIllI::::::::: ____ 11111 S.)

* __ =

.11111 101________ *~ ~2.

11111- __

S.
ES.'

S.,..

.1'
Si.

5,.

.5.

S
-4

S

''p
'p

'Si.

* U V U U V V WV V V w w w w w
*~ ~ % S,~ %~



C CONSTANTS

F=2010
PI=3. 1415926
GRAV=386. 0
V1=CMPILX(O. 0, 1.0)

c DIMIENS IONS
C

XB-1. 0
XL=8.O
H1=0. 0625
H2=0.065
H3=0.0625

C PROPERITIES
C

E1=10000000.0
E3=10000000. 0
I 1XB-*Hl**3/ 12.
13=XB*H3**~3/12.
DD=El*I+E3*~I3
ROH10. 09832,'GRAV
R0H2=0. 03663/GRAV

* CC=H1l/2. +H2±H3/2.
XM=XB*( (H1+H3)*.ROH1+H2*ROH2)

C INITIAL GUESS WAVE NUMBERS
C

Tl( 1)=-4. 31911862
T2(1)=-0. 051139603
T3(1)= 3. 77697017
Q1( 1)=-0. 33835599
Q2( 1)=-0. 05104052
Q3( 1)=-0. 27669665

C
C FIND SIX DIFFERENT WAVE NUMBERS USING NEWTON'S METHOD
c SIX DIFFERENT WAVE NUMBERS ARE XK1,XK2,XK3,XK4,XK5,XK6
C

DO 100 I=1,100
W=2*PI*~F
XLOG=ABS(LOG1O(F/800))
XNETA= 1. 1 *EXP -0. 3 90 6*XLOG~**1. 53)

C XNETA=O. 5
*C XNETA=1.0

XG=-O.00001258*F**2+0. 2472*F+74. 988
C XG=1000

G=XG*CHPLX( 1. 0,XNETA)
BB=(;*(E*H+E3*H3)/(H2*El1,'H1*E3*H3)
Z=CC** 2*E 1*H1*E 3*113 / (DD*~( El*H 1+E 3*113))

* B=BB*(1.O+Z,)
C= leM*W**2/DO
D=-BB'*XM,,.W2/DD
BR=REAL( B)
BI=AIMAG(B)

A CR=C

86



0j

DR=REAL(D)
DI=AEi-AG( D)
DO 200 J=1,15 ~1J

& +( -BR Q(.J)*Th2DR)

& +( -BI".Tl(J)-'-'2-DI)
DIrl=3"cT(J)-,.-2r-+2')BR*Tl(J)

& +( -3*01(J)*-2 -2-*BI'*Ql(J)+CR)

DQQ=3*Q(J)**~2+2"BI*Ql( J)
& +( 3T()-,.-- B*lJ-CR)

Q1(J±1)=Q1(J)-( DQQ1*FT1±DTT1*FQ1)/(D)TT1-".DQQI-DTQOV"DTl)

& =2()'+ BR*Q2(J)*r'r2+DR)*Q()*22'B"2J+C). ' J

& +(-BR.'T2?(J)**2-DI)

DTT2=3*T2( J)**2+2* BR*T2( J)

DQQ2=3*Q2( J)*2+2)*BI*Q2( J)

&2J1)2J - 2J*n--*RT2J-R

Q2(J-41)=Q2(J)-( -DQT2*FT2+DTT2*FQ2)/(DTT2-DQQ2-DTQ2'DQT2)
FT-T()l3B*3J*2(3Q()*42B*3J+R1.3J

* & +(-BR*Q3(J)*'c2+DR)

&+( B*3J)*-I

& DTT3=3T3 (J) **2+2*BR*T3(J)

DTQ3=( 6*T3(J) -2 .'BR)*Q3(J) -2*BI*T3(J)

& DQ3( 6Q ( -3*T3(J)*22*BR-,T3(J)-CR)
DQT=(-*Q3J)2*B I)*T3( J) -2*BR*Q3( J)

T3(J+l)=T3(J) -( DQ3F3DQ-'F3/DT*Q3Dr3.,Q3
Q3( J+l )=Q3( J')-( -DQT3*FT3+DTT3*~FQ3) /( DTT3"*DQQ3 -DTQ3'"IDQT3)

200 CONTINUE
XKR1= T1(J)
XKR2= T2(J)

/WXT(R3= T3(J)
XKI11 Ql(,J)
XK12= Q2(J)
XK13= Q30J)
XXK1=C:IPLX(XKR1 ,XKI1)
XK2=CIPLX(XKR2 ,XKI2)
XXK3=CiMPLX(XKR3 ,XKI3)
XK1= CSQRT(XXK1)
XK2=-CSQPT(XXK1)
XIK3= CSQRTF( XXK2)
:KK4=-CSQRT(X:lK2)

N XF3= CSORT(XjXK3)
,kK6=-GSQRT(XXK3)
KR1= REAL(MKI)
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KR2= REAL(XKZ-)
KR3= REAI,(XK3)
KR4= REAL(X:K4)
KxS= REAL(XK7)

V K-R6= REAL(XK6)
KT1=AlMAG(XKI)
K12=AII'IAG(%K2)
K13=AlMAG(XK3)
K14=AltlAG(Xl,'4)
K15=AIMAG( XK5)

%. -~K16=AI.'AG(XK6)

C
C DEFINED CONSTANTS FROM THE THREE REDUCE PROGRAMS
c

P2=Vl*XK2
P3=Vll'XK3
P4=Vl*XK4
P5=V 1'XK5
P6=V 1*XK6

- -~ R1=V1*BB*Z*DD*XK 1/( (XKI**2+BB)*E3*~H3*CC)
R2=V1*BB"Z-'DY*XK2, ( (XK2**2+BB )'E3,*1[3*CC)
R3=Vl*BB*Z DD--XK3/ ((XK3**2+BB )*E3*113*CC)
R4=V1I*B*Z*DD*XK4/( (XK4**2-BB)*'E3"~H3*CC)
R5=V F*B B* Z*,DL*XK / ( (XK'5**2+8 B)*E 3*H3*CC)
R6=Vl*BB*Z*DD'*XK6/ ((XK6*,',2+BB)'*E3"-H3-.CC)
PP=DI
QQ=-DD*13B*Z

S S=-CC*~E 3*'H3
'rr=E3*H3
S 1=( -V 1*PP*XK 1**3+V 1*QO*XK 1+RR*R 1)*'EXP( -XL*.KI 1)

& *(COS(XLt'KR1)+Vl*SIN(XL*KR1))
S 2=( -V *PP*XK'3+V 1*QQ*XK2+-RR*R2 ) EXP ( XL*KI 2-)

& *c(COS(XL *KR2)+V17*SIN(XLftKR2))
S 3=( -V *PP*XK3**3+V V*QQ*XK3+RR*R3 ) EXP ( XL*KI 3)
& *(COS(XL 1(R3)+Vl*SIN(XL*KR3))

S4=( -V 1PP-..XK4*3+V 1*QQ*XK4+RR*R4 ) EXP( -XL*KI4)
& *(COS(XL*KR4)+Vl*SIN(XL*KR4))

S5=( V*PXK*3V*Q-' K5RR)*EXP( -XL*KI5)
& *(COS(XL'*KR5)+Vl*SIN(XL*KR5))

S 6=( -V 1PP*XK6:'-*3+V V*QQ*XK6+RR*R6 ) EXP ( -X L*K6)
& *(COS(XL*KR6)+Vl*SIN(XL*~KF6))

M I=( V 1SS*Rl*XIP*X K )*EXP( -XL-,KI 1)
* & *(COS(XL*KR1)+Vl*rSIN(XL*KRl))

M2(lS*2*K-PX21.2*X(XL*KI21)
& *(COS(XL*K-R2)+Vl1*SIIN(XL*~KP2))

M13=( V*SS*R3*~XK3 -PF*XX3*1*2 j"EX'P( -X.L"KI3)
& "c(COS(XL-*KR3)+Vl*SIN(XL~kR3))
M4=(Vl"SR,' -PP*XK XP( -XL*K14)

*& *(COS(:tL1'KR4)+Vl*STN(XL*KR4))
-S* 'r -KI5)

& (CS (XL-,-KR 3) +V 1 S TN(X LKR 5)
M16=( Vl*:3S*R61'KKK6 -PP*,XK16.*,2 )*EXP( -XL-,,K16)

& *(COS(XLtKR6)+Vl*SIN(XL*KR6))
Nl=Vl,!.TTRl*%Kl-"EXP( -XL*'KI 1)



& *(COS(XL*IKRl)+V1'*SIN(XL1'KR1))
NZ=V *T'RZX2,*EP
& *(COS (XL1*: R2) +V1l-SIN(XL' KR2))

N3=Vl*TTt'R3J*lYK3EXP( -LK3
& (COS(" (L-,KR3)+VI,,'SIN(X l,-'KR3))

N4=V T ''rYXK4 EXP( -XLI4

CO S?(( S(XDKR4)+VI S I N( XL-,-KR4)

N6=Vl1'TT*R6'*XK6-,*EXP( -XL*KI6)
& *(COS(XL-,KR6)+V1*SIN(XL".KR6))

B 1=( -N6*M5 *S 1+N6'1-1 1* S 5+N5 *,M6,'S 1 -N 5 11*S6 -N I*M6 S 5+N 1-I.': S 6
& /(N6*tf5*S4 -N6*M4*S 5 -N3 *t6S4N 1'** 6+4M -- 4 - S 6)
C 1=( -N6" 15"-S2+N6--M2*S5 *N5*'M6'*S2-Nl5't12-lS6 -N2-"-M,6,,S5 +N24-.'I 5-.S6)

& / (N6*' I5*S4-N6*tM4*S5 N*-6I4N5,-,4S+4 '"1,'S-N4-''57'S6 )
Dl1=( -N6*' S +,6*'1--S +N '+6-3- t1-'S6 N -,t(

& / (N6*i',5*S"4-N6'*M4'S5 -N5*'-H6*' N5 4*-6N4,, 1--N4-*'I5;:S63)
B2-=( N6* 4*S 1-N6 i1l,'-S4-N4-M6 +NM1*6- ~6~4N~4S

& / (N6*' 5*S4-N6'-1H4*S5-N* *,4+5-1*6 4N6'S-N4-,'!5 'S6)
C 2=( N6* WM4*S 2 N6-'-M2*S4 -N4--iM6*S 2+N4-'H 2"S6+N2, M6"S4 - N2"'-.-,4 S6)

& / (N6* H5*S4 N6*M4*~S5-N* *4N5 1*6N4 6*S-N4,,Y! 5 '.S6)
0 ~D2=(N6-rM 4*S3 N6*,13*~S4-iN4*tM6*S 3+N4*NM3,S6+N3*M6*S4 -N3""It4P'S 6)

& / (N6*M15*S4-N6,*M4*S5 -N5' 6S4N*14S+N 16 5N4-.:-15-'S6)
B3=( -N5* M4*S 1+N5* 11*S4+N4*IS7'IS 1 -N4*H1l*S5 -Nl1'*5S4+N 1.-I4-.: S3-)

*& / (N6* M5'S4 -N6* M4".S5-51 4 1*4S6N,- l*5- N4,"M,5 'S6)
C3=( -N45*t4*S2 51,1*S+4 M*2 N4* 12*S5 -N2*'115*'~+N2',M 'oS 5)

& / (N6* I5'S4-N6*1i4'*S5-N* *S+5114S+4 1-'-N4*,M5,,S6)
D3=( -N5*M4*S 3+N5-,-*H3*S4+N4*151'S 3 -N4*1H3*S5 -N3*M5 15S4+N 3*14-, SS)

& / (N6M5S4N* 4* N5*M6*~S4+N5* 14-'S6+N4*H16*S3-N4Th5 13,'S6)
DEN1=( R6*P5 -R5*P6)*( D3*C2*Bl+D3*C2 -D3*B2-,Ci -D3*B2-C3l'D21D 1

& -C*2C*B*lC* 1B*2C+B3*D2
& -B3"C2*D1-B3*C2)

& (R4* P6-R6~P4)*( D3*C2(*B 1 -3"?B2*Cl-D3*C 1+D3*Bl1 C3l*'D2 *B 1
& +C*2DlC 1-D-3B+B3*D2*C 1-B3-'.C2",D1
& -B3'rD1+B3*Cl)
& +(R5*eP4-R4*P5 )*( D3"' C2-"Bl 3B2C 1 D2B+C3*B2,*Dl

& +C2','B1+B2*D1-B2*C1)

& -f( R6*P2-R2,,P6 )*(D3*B2-D3*Bl 1)3-B3*D2 -B3*D1 -33)

& +( R2*P5 -R5*P2 )*(D3B2B 1 2DZB-D2+B2,,'D1+B2)
0& +(3 P -lP )( 3C.C 1.D&-2, ID.C/',l(2

&+(R3*F2.-R2*P3)*(B3+B4+Bi+1)
& +(RI* P 3 -R 3 *-P 1 ) 1r( C3+C 2+C1I+1I

S& +(R2*P1 -R 1",,P2) ,(L3+D"+D 1+ 1)
Al=( R6*( P5*rD3-,'C2 -P5*C3 32+P41 D3YC 1 -P4*C3,1J1 -P3*C34-P2"D3)

& 4+ R5, ( P -'D * 2 P;..C -*-' P ,',2* I P ,'-2',l P ; 2 P -,)
& + R4-*'( P6*I)3-,'C 1+P6*,?C3',D I P5*D)2,'C +P3:'.-2. D1-P3,'.C +P2l-DI1)

A. + R3-,.- P6,,'C3+P5*C2+P4,,C1'+P2)
& 4- R2(P*3P*2P-D-3 )/(DEN14-DEN2)

A2=( R6"*( P5*D3*B2+P5*B3*D2 -P4".D3*B 1+P4*.B3*D1+P3*B3 -PV D3)
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& + R5*( P6D*"P*3D-'*D,.lP*2T1P*,-"P*2
& + R4*( P6'3B -6,'B -- )+
& + R3*(-P6*B3-P5'*B2-F4",B1-PI)
& + Rl1,( P6;*,D3+P53 D2,+P4*,fllA--P3) )/U.EN1+DENZ)

A3=( R6"'( P5C B -5 B*.C + 4-3-iP -- 3..C P ,-3 P* 3

& + R4*(-P C * lP,-3,,lP* "-"-l '"B* lPB+ l,-l
& + R2--( P6"-B3+P5*eB2+P4-,'BI+Pl)

a + Rl*(-P6"IC3-P51'C2-P41*Cl-P2) )/(DEN1+DFN2)
C
C IMPEDANCES
C

IMP=2*( (R4: RR+V1*QQ*XK4-Vl*PP*XK4-'* )'*( Dl1'A3+Cl*1'/2+3 1-Al)

& + (R*RV*QX 6V,,P"K 1.3-'(3..3C -*A+ 3rl
& + RR"-(R>,A3+R2*A2-RI-*A1)
& +
& -Vl*'PP*( K3''3A3+K2 '*3"A2 +Ki-'."*3*A1) ) / ( V1-W)

IMPR=REAL( IMP)
IMlP iAIMAG( IMP)
WRITE( 15, 1000)F, IMPR, IMPI
F=F-20
Ti C ) =Tl1( J)
T2( 1)=T2(J)

* T3(1)=T3(J)
-~ QiC1)=Q1(J)

QZ(1)=Q2(J)
* Q3(1)=Q3(J)

100 CONTINUE
1000 FORMIAT(IX,D9.3,2X,D12.5,2X,D12.5)

CLOSE( UNIT=15)
STOP
END
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